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Figure 10: Temperature dependence of the critical angular velocityΩc of rotating neutron stars. The left
panel shows the gravitational radiation drivenf -mode instability suppressed by shear and bulk viscosity.
Right panel: comparison off -mode instability withr-mode instability. (Data from Refs. [82, 83].)

As a last topic of this section, we briefly discuss the moment of inertia of a rotationally de-
formed star described by the metric in Eq. (3.12). For such stars the moment of inertia is given
by

I(Ω) = 2π
Z π

0
dθ

Z R(θ )

0
dr eλ+µ+ν+ψ ε +P(ε)

e2ν−2ψ − (ω −Ω)2

Ω−ω
Ω

. (4.5)

Figure 9 shows that the crustal fraction of the moment of inertia of a neutron star may be around
50% smaller if the star contains a very soft phase of matter like quark matter. This may be of
relevance for pulsar glitch models and the modeling of the post-glitch behavior of pulsars.

4.2 Gravitational radiation reaction driven instabilitie s

Rotational instabilities in rotating stars, known as gravitational radiation driven instabilities,
are probably setting a more stringent limit on rapid stellarrotation than mass shedding. These
instabilities originate from counter-rotating surface vibrational modes which at sufficiently high
rotational star frequencies are dragged forward. In this case gravitational radiation, which in-
evitably accompanies the aspherical transport of matter, does not damp the instability modes but
rather drives them. Viscosity plays the important role of damping these instabilities at a sufficiently
reduced rotational frequency such that the viscous dampingrate and power in gravity waves are
comparable. The most critical instability modes that are driven unstable by gravitational radiation
are f -modes andr-modes. Figure 10 shows the stable neutron star frequenciesif only f -modes
were operative. One sees that hot as well as cold neutron stars can rotate at frequencies close to
mass shedding, because of the large contributions of shear and bulk viscosity, respectively, for this
temperature regime. The more recently discoveredr-mode instability may change the picture com-
pletely, as can be seen too from Fig. 10. These modes are driven unstable by gravitational radiation
over a considerably wider range of angular velocities than the f -modes (cf. dashed curve labeled
(m= 2) r-mode instability). In stars with cores cooler than∼ 109 K, on the other hand, ther-mode
instability may be completely suppressed by viscous phenomena so that stable rotation would be
limited by the f -mode instability again [82].
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Figure 11: Critical rotation frequencies versus
stellar temperature for CFL strange stars [85].

Figure 12: Same as Fig. 11, but for 2SC quark
stars [85].

Figures 11 and 12 are the counterparts to Fig. 10 but calculated for strange stars made of
CFL and 2SC quark matter, respectively [84, 85]. Ther-mode instability seems to rule out that
pulsars are CFL strange stars, if the characteristic time scale for viscous damping ofr-modes are
exponentially increased by factors of∼ ∆/T as calculated in [84]. An energy gap as small as∆ =

1 MeV was assumed. For much larger gaps of∆ ∼ 100 MeV, as expected for color superconducting
quark matter in the CFL phase, the entire diagram would ber-mode unstable. The full curve in Fig.
11 is calculated for a strange quark mass ofms = 200 MeV, the dotted curve forms = 100 MeV. The
box marks the positions of most low mass X-ray binaries (LMXBs) [86], and the crosses denote
the most rapidly rotating millisecond pulsars known. All strange stars above the curves would
spin down on a time scale of hours due to ther-mode instability, in complete contradiction to the
observation of millisecond pulsars and LMXBs, which would rule out CFL quark matter in strange
stars (see, however, Ref. [87]). Figure 12 shows the critical rotation frequencies of quark stars as
a function of internal stellar temperature for 2SC quark stars. For such quark stars the situation is
less conclusive. Rapid spin-down, driven by ther-mode gravitational radiation instability, would
happen for stars above the curves.

5. Astrophysical signals of quark deconfinement

5.1 Isolated, rotating neutron stars

Whether or not quark deconfinement occurs in neutron stars makes only very little difference
to their static properties, such as the range of possible masses and radii, which renders the detection
of quark matter in such objects extremely complicated. Thismay be strikingly different for isolated,
rotating neutron stars which spin down, and thus become morecompressed, because of the emission
of magnetic dipole radiation and a wind of electron-positron pairs. For some rotating neutron stars
the mass and initial rotational frequency may be just such that the central density rises from below
to above the critical density for dissolution of baryons into their quark constituents. If accompanied
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by a pronounced shrinkage of the neutron star, as is the case for the neutron star shown in the
central panel in Fig. 4, the star’s moment of inertia could change dramatically. As shown in [88],
the moment of inertia can decrease so anomalously that it could even introduce an era stellar spin-
up that may last for∼ 108 years. Since the dipole age of millisecond pulsars is about 109 years,
one may roughly estimate that about 10% of the solitary millisecond pulsars could be in the quark
transition epoch and thus could be signaling the ongoing process of quark deconfinement. Changes
in the moment of inertia reflect themselves in the braking index,n, of a rotating neutron star, as can
be seen from [4, 88, 89]

n(Ω) ≡
ΩΩ̈
Ω̇2

= 3−
I +3I ′Ω+ I ′′Ω2

I + I ′Ω
≃ 3−

3I ′ Ω+ I ′′Ω2

2I + I ′Ω
, (5.1)

where dots (primes) denote derivatives with respect to time(Ω). The last relation in (5.1) constitutes
the non-relativistic limit of the braking index [90]. It is obvious that these expressions reduce to
the canonical limitn = 3 if I is independent of frequency. Evidently, this is not the casefor rapidly

Table 2: Dominant neutrino emitting processes in neutron star coresif hyperons and quarks are absent [21].

Name Process Emissivity
(erg cm−3 s−1)

Modified Urca cycle
(neutron branch)

n+n→ n+ p+e−+ ν̄e
n+ p+e− → n+n+ νe

∼ 2×1021 R T8
9 Slow

Modified Urca cycle
(proton branch)

p+n→ p+ p+e−+ ν̄e
p+ p+e− → p+n+ νe

∼ 1021 R T8
9 Slow

Bremsstrahlung
n+n→ n+n+ ν + ν̄
n+ p→ n+ p+ ν + ν̄
p+ p→ p+ p+ ν + ν̄

∼ 1019 R T8
9 Slow

Cooper pair
formations

n+n→ [nn]+ν + ν̄
p+ p→ [pp]+ν + ν̄

∼ 5×1021 R T7
9

∼ 5×1019 R T7
9

Medium

Direct Urca cycle n→ p+e− + ν̄e
p+e− → n+ νe

∼ 1027 R T6
9 Fast

π− condensate n+ < π− >→ n+e− + ν̄e ∼ 1026 R T6
9 Fast

K− condensate n+ < K− >→ n+e− + ν̄e ∼ 1025 R T6
9 Fast

rotating neutron stars, and it also fails for stars that undergo pronounced compositional changes
(phase transitions) which alter the moment of inertia significantly. Under favorable circumstances,
these changes inI , originating from the transition of confined hadronic matter into quark matter,
may cause the braking index to deviate dramatically from 3 inthe vicinity of the star’s frequency
where the phase transition to quark matter occurs. The changes inI may even be so pronounced that
n(Ω)→±∞ at the transition point [1, 2, 4, 90]. Such dramatic anomalies inn(Ω) are not known for
conventional neutron stars (see left panel in Fig. 4), because their radii and thus moments of inertia
appear to vary smoothly withΩ [2, 4]. A counterexample to this, however, is discussed in [91].
The future astrophysical observation of strong anomalies in the braking behavior of isolated pulsars
could thus be cautiously interpreted as a possible astrophysical signal for quark deconfinement in
neutron stars.
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Table 3: Dominant neutrino emitting processes in deconfined quark matter [21].

Name Process Emissivity Efficiency
(erg cm−3 s−1)

Direct Urca cycle
(ud branch)

u+e− → d+ νe
d → u+e− + ν̄e

∼ 1026 R T6
9 Fast

Direct Urca cycle
(usbranch)

u+e− → s+ νe
s→ u+e− + ν̄e

∼ 1025 R T6
9 Fast

Modified Urca cycle
(ud branch)

Q+u+e− → Q+d+ νe
Q+d → Q+u+e−+ ν̄e

∼ 1021 R T8
9 Slow

Modified Urca cycle
(usbranch)

Q+u+e− → Q+s+ νe
Q+s→ Q+u+e−ν̄e

∼ 1020 R T8
9 Slow

Bremsstrahlungs Q1+Q2 → Q1 +Q2+ ν + ν̄ ∼ 1019 R T8
9 Slow

Cooper pair
formations

u+u→ [uu]+ν + ν̄
d+d → [dd]+ν + ν̄
s+s→ [ss]+ν + ν̄

∼ 2.5×1020 R T7
9

∼ 1.5×1021 R T7
9

∼ 1.5×1021 R T7
9

Medium

5.2 Accreting neutron stars

Accreting x-ray neutron stars provide a very interesting contrast to the spin-down of isolated
neutron stars. These x-ray neutron stars are being spun up bythe accretion of matter from a lower-
mass (M<

∼0.4M⊙), less-dense companion. If the critical deconfinement density falls within that of
the canonical pulsars, quark matter could already exist in them but will be spun out of such stars
as their frequency increases during accretion. This scenario has been modeled in [92], where it
was found that quark matter remains relatively dormant in the core of a neutron star until the star
has been spun up to frequencies at which the central density is about to drop below the threshold
density at which quark matter exists. As known from the discussion above, this could manifest
itself in a significant increase of the star’s moment of inertia. The angular momentum added to a
neutron star during this phase of evolution is therefore consumed by the star’s expansion, inhibiting
a further spin-up until the star’s quark matter content has been completely converted into a mixed
phase of hadrons and quarks. Such accreters, therefore, tend to spend a greater length of time in the
critical frequencies than otherwise. For canonical accretion rates of 10−10M⊙/year the time span
can be on the order of 109 years. Hence, from this scenario, one would expect a greaternumber of
accreting x-ray neutron stars that appear near the same frequency. Evidence that accreting neutron
stars pile up at certain frequencies, which are well below the mass shedding limit, is provided by
the spin distribution of accreting millisecond pulsars in 57 Tuc and neutron stars in low mass X-ray
binaries observed with the Rossi X-ray Timing Explorer (RXTE). The proposed limiting mecha-
nisms responsible for this behavior is generally attributed to gravity-wave emission caused by the
r-mode instability, or by a small stellar mass quadrupole moment [93, 94, 95]. Supplemental to
these explanations, quark reconfinement (or, more generally, strong first-order like phase transition)
may be linked to this phenomenon as well [37, 92, 96, 97].

6. Cooling of neutron stars

The predominant cooling mechanism of hot (temperatures of several∼ 1010 K) newly formed
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Figure 13: Cooling behavior of a 1.4M⊙ neutron star for competing assumptions about the properties of
superdense matter. Three distinct cooling scenarios, referred to as standard, intermediate, and enhanced can
be distinguished. The band-like structures reflect the uncertainties inherent in the stellar EoS [2, 4].

neutron stars immediately after formation is neutrino emission, with an initial cooling time scale of
seconds. Already a few minutes after birth, the internal neutron star temperature drops to∼ 109 K.
Photon emission overtakes neutrino emission when the internal temperature has fallen to∼ 108 K,
with a corresponding surface temperature roughly two orders of magnitude smaller. Neutrino cool-
ing dominates for at least the first 103 years, and typically for much longer in standard cooling
(modified Urca) calculations. The dominant neutrino emitting processes in neutron star matter are
summarized in Tables 2 and 3. Figure 13 shows the outcome of cooling calculations performed
for a broad collection of equations of state [2, 4] and competing assumptions about the dominant
neutrino emitting processes. For recent overviews of neutron star cooling, see, for instance, Refs.
[21, 98]. We also refer to D. Blaschke’s contribution contained elsewhere in this volume.

7. Summary

It is often stressed that there has never been a more excitingtime in the overlapping areas
of nuclear physics, particle physics and relativistic astrophysics than today. This comes at a time
where new orbiting observatories such as the Hubble Space Telescope (HST), Rossi X-ray Timing
Explorer, Chandra X-ray satellite, and the X-ray Multi Mirror Mission (XMM) have extended
our vision tremendously, allowing us to observe compact star phenomena with an unprecedented
clarity and angular resolution that previously were only imagined. On the Earth, radio telescopes
(Arecibo, Green Bank, Parkes, VLA) and instruments using adaptive optics and other revolutionary
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techniques have exceeded previous expectations of what canbe accomplished from the ground.
Finally, the gravitational wave detectors LIGO, LISA, and VIRGO are opening up a window for
the detection of gravitational waves emitted from compact stellar objects such as neutron stars and
black holes. This unprecedented situation is providing us with key information on compact stars,
which are the only physical objects in which cold and dense baryonic matter is realized in nature.
As discussed in this paper, a key role in compact star physicsis played by strangeness. It alters
the masses, radii, cooling behavior, and surface composition of neutron stars. Other important
observables may be the spin evolution of isolated neutron stars and neutron stars in low-mass x-ray
binaries. All told, these observables are key in exploring the phase diagram of dense nuclear matter
at high baryon number density but low temperature, which is not accessible to relativistic heavy
ion collision experiments.
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