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Outline

• Strange stars

• Color superconductors 

• The strange star surface

• Torsional oscillations of the strange star crust

• Emission of photons
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STRANGE STARS
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Taxonomy of compact stars

Neutron star Hybrid star

Strange star

n,p,e,µ
n,p,e,µ

u,d,s

u,d,s

Δ, Σ, Λ ...

R ⇠ 10 km M < 2M�

R ⇠ 0� 10 km M < 2.5M�
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R ⇠ 10 km M = 1� 2.5M�



Strange matter hypothesis: uds quark 
matter more stable than standard hadrons

Strange stars

A.Bodmer Phys. Rev. D4, 1601 (1971)
E.Witten   Phys. Rev. D30, 272 (1984)

nuclei

“collapsed” nuclei

10 fm0.5 fm r

V

pictorial description
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Strange matter hypothesis: uds quark 
matter more stable than standard hadrons

Strange stars

A.Bodmer Phys. Rev. D4, 1601 (1971)
E.Witten   Phys. Rev. D30, 272 (1984)

nuclei

“collapsed” nuclei

10 fm0.5 fm r

V

If true, stars entirely made of quark matter exist 

C. Alcock, E. Farhi and A. Olinto, Astrophys.J. 310, 261 (1986)

u,d,s Small clumps of uds matter are  bound by the 
strong interaction. It is like a big hadron.

Gravity plays a role in large objects. 
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Varying the parameters several
 configurations can be created

We use the free energy 

Alford et al. Astrophys.J. 629, 969 (2005)

our representative models



What quark matter is inside a strange star?
QCD perturbative calculations and lattice QCD simulations are not feasible.  

Since the system is cold and there is attractive interaction, we expect that it becomes a color 
superconductor: system with condensation of diquarks. 
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Strange stars may actually be 
“color superconducting stars”

Two of the candidate phases: 

1) The color flavor locked (CFL) phase at large 
density 

2) The crystalline color superconducting (CCSC) 
phase at smaller densities.

R

electrosphere

coreR

CCSC

CFL



COLOR
 SUPERCONDUCTORS
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 Color Flavor Locking (CFL) phase

Alford, Rajagopal, Wilczek hep-ph/9804403

Suppose that the strange quark mass is “small”. 
All quarks should be treated on an equal footing. Pairing of quarks of all flavors and colors

h ↵iC�5 �ji / �CFL

3X

I=1

"↵�I✏ijI

10



 Color Flavor Locking (CFL) phase

Alford, Rajagopal, Wilczek hep-ph/9804403

Suppose that the strange quark mass is “small”. 
All quarks should be treated on an equal footing. Pairing of quarks of all flavors and colors

All quarks, contribute coherently to pairing. 
Very robust. It is expected to be the ground state of quark matter at very large densities

h ↵iC�5 �ji / �CFL

3X

I=1

"↵�I✏ijI

10



 Color Flavor Locking (CFL) phase

Alford, Rajagopal, Wilczek hep-ph/9804403

Suppose that the strange quark mass is “small”. 
All quarks should be treated on an equal footing. Pairing of quarks of all flavors and colors

All quarks, contribute coherently to pairing. 
Very robust. It is expected to be the ground state of quark matter at very large densities

h ↵iC�5 �ji / �CFL

3X

I=1

"↵�I✏ijI

10

{ {SU(3)c ⇥ SU(3)L ⇥ SU(3)R ⇥ U(1)B ! SU(3)c+L+R ⇥ Z2

� U(1)Q � U(1)Q̃

Breaking pattern
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 Crystalline Color Superconducting (CCSC) phase

X

Y

Z

X
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Z

CX 2cube45z

Rajagopal and Sharma Phys.Rev. D74 (2006) 094019

Def: color superconducting phase with a crystalline structure given by the spatial modulation of 
the condensate 

BASIC FACTS

1) Cooper pairs have nonzero momentum

2) The crystal reciprocal lattice is given by the  direction of these momenta 
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d



THE STRANGE STAR
 SURFACE 
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Charge distribution
BASIC OBSERVATION
Quarks are confined inside the strange star by the strong interaction.
Electrons are bound only by the electromagnetic interaction, hovering over the crust 
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Planar approximation  (valid if any length scale << R)
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Charge distribution
BASIC OBSERVATION
Quarks are confined inside the strange star by the strong interaction.
Electrons are bound only by the electromagnetic interaction, hovering over the crust 
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d2�

dz2
= e

X

i

Qi ni(z)

µi(z) = µi + eQi�(z)

ni(z) = Ci
kF,i(z)3

3⇡2

Local density approximation

Poisson’s equation

eQi : charge of the particles i

Ci : color degeneracy factor

Planar approximation  (valid if any length scale << R)

z

0star surface
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positive charged star surface

negative charged “electrosphere”
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The electric field at the surface is very large                                         and directed outward E ⇠ 1017 � 1018 V/cm
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positive charged star surface

negative charged “electrosphere”
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TORSIONAL OSCILLATIONS
OF THE STRANGE STAR CRUST
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Displacement of the crystal structure

1216
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shear moduluscompressibility

Elastic deformation of a stressed crystal (Landau Lifsits, vol. 7)
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myy
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stress tensor

deformation tensor

�ij = Kukk�ij + 2⌫

✓
uij �

1

3
ukk�ij

◆

ui = x

0
i � xidisplacement vector

uij =
ui,j + uj,i

2

shear moduluscompressibility

Elastic deformation of a stressed crystal (Landau Lifsits, vol. 7)

MM, Rajagopal and Sharma Phys.Rev. D76 (2007) 074026

20 to 1000 times more rigid than the crust of neutron stars
⌫CCSC ⇠ 2.47MeV/fm3



Aside: gravitational wave emission 
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Rotating and/or oscillating strange/hybrid stars with a CCSC crust/core, which are somehow 
deformed to nonaxisymmetric configurations, can efficiently emit gravitational waves

Lin, Phys.Rev. D76 (2007) 081502, 
Phys.Rev. D88 (2013)

Haskell et al. Phys.Rev. Lett.99. 231101 
(2007)

Knippel et al. Phys.Rev. D79 (2009) 083007

Rupak, Gautam et al. Phys.Rev. C88 (2013) 6, 
065801

http://dx.doi.org/10.1103/PhysRevLett.99.231101
http://dx.doi.org/10.1103/PhysRevLett.99.231101
http://inspirehep.net/author/profile/Knippel%2C%20Bettina?recid=812007&ln=it
http://inspirehep.net/author/profile/Knippel%2C%20Bettina?recid=812007&ln=it
http://inspirehep.net/author/profile/Rupak%2C%20Gautam?recid=1299197&ln=it
http://inspirehep.net/author/profile/Rupak%2C%20Gautam?recid=1299197&ln=it


r · u = 0 and ur = 0

Crystals can sustain various type of oscillations. We restrict to torsional oscillations

Properties: no volume variation, no radial displacement, the wave is transverse  
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Torsional oscillations
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Wave equation

transverse (shear) velocity: amplitude of the n,l mode: Wnl
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Ex: slab oscillations



Assume that a stellar glitch triggers the torsional oscillation of the l=1, n=1 mode

fraction of the glitch energy
going into the torsional oscillation 

↵Eglitch =
⇢R
2

Z
!2
11|�u11|2dV

surface density

19

Amplitude of the torsional oscillation
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EMISSION OF PHOTONS
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EM emission

about 10 kHz  for a 1 km thick crust
about 1 GHz   for a 1 cm thick crust

Frequency of oscillations

Estimated emitted power

(assuming a giant Vela-like glitch as the trigger)

21

!11 / ct
R�Rc

P (a) ' 6.4⇥ 1041erg/s

We model the system by an oscillating magnetic dipole



EM emission

about 10 kHz  for a 1 km thick crust
about 1 GHz   for a 1 cm thick crust

Frequency of oscillations

Estimated emitted power

(assuming a giant Vela-like glitch as the trigger)

21

!11 / ct
R�Rc

P (a) ' 6.4⇥ 1041erg/s

Many photons will be absorbed by the electrosphere. The Thomson suppression factor is  

⌘
Thomson

& 0.1

Estimated electrosphere suppression

We model the system by an oscillating magnetic dipole



Observables

Rotating Radio Transients (RRTs) are unknown sources of em radiation. 
Burst duration: few milliseconds 
Frequencies: of the order of GHz

M. A. McLaughlin et al., Nature  439, 817 (2006)
D. Thornton et al., Science 341, 53 (2013) 
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More work to be done!!



Summary

• Strange stars stem from the Bodmer-Witten hypothesis

• Quark matter in strange stars should be in a color superconducting phase

• The crystalline color superconducting phase could form a rigid crust

• The surface of strange stars should be positively charged; electrons spill 
forming a negatively charged electrosphere  

• Torsional oscillations of the crust may lead to observable e.m. signals.
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BACKUP SLIDES
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Fermionic dispersion laws

Fermions have an anisotropic gapless dispersion law:

Velocity of fermions in two different structures

E = c(✓,�) ⇠

BCC FCC

direction dependent velocity

MM et al. 1302.462425



LOFF (or FFLO)-phase
LOFF: Larkin-Ovchinnikov and Fulde-Ferrel (1964)

For                                   the LOFF superconducting phase is favored with 
Cooper pairs of non-zero total momentum

�µ1 < �µ < �µ2
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LOFF (or FFLO)-phase
LOFF: Larkin-Ovchinnikov and Fulde-Ferrel (1964)

Inhomogeneous superconductor, with a spatially modulated condensate in the spin 0 channel

For                                   the LOFF superconducting phase is favored with 
Cooper pairs of non-zero total momentum
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Bulk quark matter in compact stars

27

sizable strange quark mass 
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weak equilibrium
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electric neutrality 

mismatch of Fermi 
momenta 

No pairing case 

Fermi momenta kFu = µu kFd = µd kFs =
p
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Bulk quark matter in compact stars
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Rajagopal and Sharma Phys.Rev. D74 (2006) 094019

NJL + GL expansion
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