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INTRODUCTION



PULSARS ARE COMPACT
OBJECTS                  @

INTERIOR DENSE ENOUGH 
THAT THE COULD 
CONTAIN MANY 
NOVEL FORMS 
OF MATTER:

TO LEARN ABOUT
THEM REQUIRES 
TO CONNECT 
OBSERVATIONAL 
ASPECTS TO THE
MICROSCOPIC 
PROPERTIES
OF MATTER

Quark matter?

Hyperons?

      Meson
condensates?

Color super-
conductivity?

Mixed phases?

Anisotropy/
Inhomogeneity?

R<15kmM >M�

COMPACT STARS



“SEEING INSIDE A 
COMPACT STAR ...”

ELECTROMAGNETIC 
RADIATION ORIGINATES 
FROM THE SURFACE -
CONNECTION TO THE 
INTERIOR VERY INDIRECT

YET, ONE CAN USE SIMILAR METHODS WE USE TO LEARN ABOUT 
THE INTERIOR OF THE EARTH OR THE SUN:      “SEISMOLOGY”

WHEN NON-AXISYMMETRIC OSCILLATIONS ARE NOT DAMPED AWAY 
THEY EMIT GRAVITATIONAL WAVES ...

DIRECT DETECTION VIA GRAVITATIONAL WAVE DETECTORS

INDIRECT DETECTION VIA THE SPIN DATA OF PULSARS

STAR OSCILLATIONS ARE DAMPED BY VISCOSITY WHICH IS INDUCED  BY 
PARTICLE INTERACTIONS AND THEREBY DIRECTLY LINK MACROSCOPIC 
OBSERVABLES TO THE MICROPHYSICS OF DENSE MATTER



CONNECTION TO SPINDOWN 
AND PULSAR TIMING DATA

GRAVITATIONAL WAVES EMITTED BY STAR OSCILLATIONS WOULD 
GENERALLY QUICKLY SPIN DOWN A FAST SPINNING STAR

BUT MANY FAST (“MILLISECOND”) PULSARS ARE OBSERVED - 
THEY CAN BE GROUPED INTO TWO CLASSES:

MS X-RAY PULSARS IN (LOW MASS) BINARIES (LMXB)
CURRENTLY ACCRETE FROM A COMPANION WHICH 
ALLOWS A TEMPERATURE MEASUREMENT

  ‘S INVOLVE MODELING AND ARE UNCERTAIN

MS RADIO PULSARS ARE VERY OLD AND DON’T 
ACCRETE ANY MORE (NO HIGH ENERGY EMISSION)
BUT FEATURE EXTREMELY STABLE TIMING DATA

SOME OF THE MOST PRECISE DATA IN PHYSICS!

FAST PULSARS ARE A PUZZLE WHEN MODES BECOME UNSTABLE

T



R-MODE INSTABILITY
& STATIC BOUNDARIES



R-MODE OSCILLATIONS
R-MODE: EIGENMODE OF A ROTATING 
STAR WHICH IS UNSTABLE AGAINST 
GRAVITATIONAL WAVE EMISSION

LARGE AMPLITUDE R- 
MODES COULD CAUSE 
A QUICK SPINDOWN

BUT R-MODE GROWTH HAS TO BE 
STOPPED BY SOME NON-LINEAR 
DAMPING MECHANISM, E.G.

NON-LINEAR VISCOUS DAMPING

NON-LINEAR HYDRO EFFECTS - 
LARGE

MODE-COUPLING - SMALL
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“EFFECTIVE THEORY OF PULSARS”

OBSERVABLE MACROSCOPIC PROPERTIES DEPEND ONLY ON 
QUANTITIES THAT ARE INTEGRATED OVER THE ENTIRE STAR:
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OBSERVABLE MACROSCOPIC PROPERTIES DEPEND ONLY ON 
QUANTITIES THAT ARE INTEGRATED OVER THE ENTIRE STAR:

POWER LAWS IN    ,     ,     AND COMPLETE INFORMATION ON THE 
INTERIOR DEPENDS ON A FEW DIMENSIONLESS CONSTANTS

WITH ...

CONNECTION BETWEEN MACRO
AND MICROSCOPIC PROPERTIES
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INSTABILIY REGIONS AND 
SEMI-ANALYTIC RESULTS

R-MODES UNSTABLE FOR

“ET” ALLOWS SEMI-ANALYTIC RESULT:

SIMILAR RESULT FOR MINIMUM OF THE INSTABILITY REGION:

LOWEST R-MODE  OF A NEUTRON STAR WITH MODIFIED URCA:

EXTREMELY LOW POWERS OF     &     !

INSENSITIVE TO DETAILS WITHIN A CLASS ...

... BUT NOT TO DIFFERENT CLASSES (    &    )

GENERALIZATION OF A PREVIOUS RESULT
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ANALYTIC VS. NUMERIC
RESULTS FOR THE INSTABILITY REGION

VERY GOOD AGREEMENT BETWEEN THE SEMI-ANALYTIC AND 
NUMERIC RESULTS

ANALYTIC EXPRESSIONS COVER THE BASICALLY ENTIRE 
INSTABILITY BOUNDARY

M. ALFORD, S. MAHMOODIFAR AND K.S., PRD 85 (2012) 024007



INTERACTIONS IN 
DENSE QUARK MATTER

QCD FEATURES STRONG GLUONIC INTERACTIONS

IN DENSE MATTER THEY ARE MOSTLY SCREENED 
BY THE MEDIUM,  BUT TRANSVERSE SPACE-LIKE 
GLUONS ARE  ONLY DYNAMICALLY DAMPED

THESE LONG-RANGE GLUONIC 
INTERACTIONS MODIFY THE LOW 
ENERGY PROPAGATION OF QUARKS 
INDUCE NON-FERMI LIQUID EFFECTS:

PARAMETRIC KINEMATIC LOW-ENERGY 
ENHANCEMENT WHICH IS EVEN PRESENT AT 
WEAK COUPLING AND SHOULD THEREBY 
DOMINATE OTHER STRONG INTERACTION 
CORRECTIONS

72 I.L. Bogolubsky et al. / Physics Letters B 676 (2009) 69–73

Fig. 4. Bare ghost dressing function J (q2) versus q2 for L = 64,80 at β = 5.70. Er-
rors are not shown at the two lowest q2 (squares).

For the large lattice sizes as considered here, we are confident
that finite-volume distortions for all lattice momenta besides the
two minimal ones do not change considerably with increasing L
(see Fig. 4 and [37] for details). In this figure the ghost dressing
function J (q2) = q2G(q2) is presented in a log–log scale. We do
not see any power-like singular behaviour in the limit q2 → 0. In-
stead, we have a good indication that J (q2) reaches a plateau just
as the decoupling solution of DS and FRG equations does (see also
[28,33]).

5. Running coupling

Finally, let us present the running coupling defined as the
renormalization group (RG) invariant product

αs
(
q2) = g2

0

4π
Z
(
q2) J 2(q2), (8)

of the Landau-gauge gluon and ghost dressing functions. This
definition is based on the ghost–gluon vertex in a momentum-
subtraction scheme with the vertex renormalisation constant (in
Landau gauge) set to one. This is possible [43], since the vertex
is known to be regular [44] (see also the lattice studies [45,46]).
Note that the relation of αs in this scheme to the running cou-
pling in the MS scheme is known to four loops and it can provide
a valuable alternative to the MS coupling in phenomenological ap-
plications [43].

Beyond perturbation theory, the behaviour of αs differs at low
scales for the scaling and decoupling solutions. Based on our prop-
agator data we can calculate αs for intermediate and lower scales,
and it clearly shows a decrease towards q2 → 0 (see Fig. 5). This is
again consistent with the decoupling DS and FRG solutions.

6. Conclusions

The progress achieved on the lattice during the last two years
in studying the IR limit of gluodynamics and checking the well-
known scenarios of confinement in terms of Landau-gauge Green’s
functions leads us to the following conclusions. Within the stan-
dard lattice approach as described above only the decoupling-type
solution of DS and FRG equations seems to survive. Since for this
solution the gluon propagator tends to a non-zero IR value, it
corresponds to a massive gluon. It has been argued that this be-
haviour contradicts global BRST invariance [12].

But the lattice approach as discussed here has a few weak
points. The choice of the gauge potentials Aµ(x) and correspond-
ingly of the gauge functional FU (g) is in no way unique. As long as

Fig. 5. Running coupling αs(q2) versus q2 for lattice sizes 644 and 804 at β = 5.70.

we are reaching the infrared limit by employing rather large lattice
couplings the continuum limit is not under control. Moreover, we
have used standard periodic boundary conditions which certainly
have an impact on the IR limit. The fact that under these condi-
tions the gluon propagator does not tend to zero is related to the
behaviour of the zero-momentum modes, which do not become
sufficiently suppressed as the lattice size increases. Changing the
definition of lattice Landau gauge, and correspondingly the lattice
definitions of Aµ(x) and M , modifying the boundary conditions
and further improving the gauge-fixing procedure, e.g., by taking
Z(3) flips as mentioned in Section 1 into account, may essentially
suppress the zero-momentum modes and correspondingly change
the behaviour of both the gluon and ghost propagators. Therefore,
a final conclusion still cannot be drawn.

Note that one of us (A.S.) has recently carried out a lattice com-
putation in the strong-coupling limit. For the gluon and the ghost
propagator at larger a2q2 it was possible to extract the right expo-
nents as expected for the scaling solution [47]. At asymptotically
small momenta, however, results were shown to depend strongly
on the lattice definitions of Aµ(x) and M . This corresponds to ob-
servations in studies of DS and FRG equations, namely that for
decoupling-like solutions any IR-asymptotic values of the gluon
propagator and the ghost dressing function can be considered as
boundary conditions [12].

It has been argued in [48] that a BRST-invariant gauge-fixing
prescription is possible on the lattice. It remains to be seen,
whether the preferred scaling behaviour of Landau-gauge gluon
and ghost propagators can be achieved consistently also in lattice
Yang–Mills theories.
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The expression in the square brackets is determined by the
quark dispersion relation given in Eq. (8). Terms of
O!!s!!s log"T#"n$ with n % 0; 1; 2 are independent of
log"xi# and involve the integral

Z 1

&1
dxd

Z 1

&1
dxu

Z 1

0
dx"x3"n"xd#n"&xu#n"xu & xd ' x"#

% 457#6

5040
: (16)

At leading order in T=$ the neutrino emissivity from the
quark direct Urca process is given by
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The first term is the standard result by Iwamoto [10], and
the logarithmic terms are non-Fermi liquid corrections. We
note that these terms have to be included because at very
low temperature !s log"T# becomes large compared to one.

We also note that if the scale inside the logarithm is on the
order of the screening scale, !) g$, then !s"$#*
log"!=T# stays finite in the limit $! 1 at fixed T.

IV. COMPACT STAR COOLING

In this section we wish to study the impact of non-Fermi
liquid effects on the cooling history of an isolated quark
phase. Our aim is not to provide a thorough analysis of the
cooling behavior of an actual quark or hybrid star but to
give a numerical estimate of the size of the non-Fermi
liquid corrections. The thermal evolution of the star is
governed by the neutrino emissivity, the specific heat,
and the thermal conductivity. Non-Fermi liquid corrections
to the specific heat were initially considered by Holstein et
al. [27] in the case of QED. The calculation was recently
refined and extended to QCD by Ipp et al. [29]. They find
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where the first term is the free gas result and the second
term is the non-Fermi liquid correction. Ipp et al. also
determined the scale inside the logarithm as well as frac-
tional powers of T. From the completeO"!s# result we find
! ’ 0:28m where m2 % Nf!s$2=# is the screening mass.

The thermal conductivity of degenerate quark matter
was studied by Heiselberg and Pethick [38]. Their result
suggests that equilibration is fast and that the quark phase
is isothermal. In this case the cooling behavior is governed
by
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where u is the internal energy, t is time, and we have
assumed that there is no surface emission. Without non-
Fermi liquid effects we have %) T6 and cv ) T. In this
case the temperature scales as T / 1=t1=4. With logarith-
mic corrections included there is no simple analytic solu-
tion, and we have studied Eq. (19) numerically.

We take the quark chemical potential to be $q %
500 MeV corresponding to densities 'B ( 6'0 where '0
is nuclear matter saturation density. We note that both cv
and % are proportional to $2 and the main dependence of
the cooling behavior on $ cancels. We evaluate the strong
coupling constant using the one loop renormalization
group solution at a scale $. We take the scale parameter
to be !QCD % 250 MeV which gives !s ’ 1 at $ %
500 MeV. It is clear that the naive use of perturbation
theory is in doubt if the coupling is this large. In practice
we estimate the uncertainty by varying !s between 1 and
0.4 which is the value used by Iwamoto [10]. We take the
scale of non-Fermi liquid effects to be ! % 0:28m as
explained above and assess the uncertainty by varying !
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FIG. 3 (color online). Kinematics for the quark direct Urca
process in the limit T ) E" + $e. In a free quark gas (upper
panel) energy-momentum conservation forces the quark and
electron momenta to be collinear. If Fermi liquid corrections
are taken into account (lower panel) the outgoing quark has a
nonzero transverse momentum l2? ) !s$2

e. The dashed disper-
sion relations give the HDL result whereas the solid lines show
the change when non-Fermi liquid corrections are included.
These lead to a flattening of the dispersion relation in the vicinity
of the Fermi surface.
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Fig. 4. Bare ghost dressing function J (q2) versus q2 for L = 64,80 at β = 5.70. Er-
rors are not shown at the two lowest q2 (squares).

For the large lattice sizes as considered here, we are confident
that finite-volume distortions for all lattice momenta besides the
two minimal ones do not change considerably with increasing L
(see Fig. 4 and [37] for details). In this figure the ghost dressing
function J (q2) = q2G(q2) is presented in a log–log scale. We do
not see any power-like singular behaviour in the limit q2 → 0. In-
stead, we have a good indication that J (q2) reaches a plateau just
as the decoupling solution of DS and FRG equations does (see also
[28,33]).

5. Running coupling

Finally, let us present the running coupling defined as the
renormalization group (RG) invariant product

αs
(
q2) = g2
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4π
Z
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q2) J 2(q2), (8)

of the Landau-gauge gluon and ghost dressing functions. This
definition is based on the ghost–gluon vertex in a momentum-
subtraction scheme with the vertex renormalisation constant (in
Landau gauge) set to one. This is possible [43], since the vertex
is known to be regular [44] (see also the lattice studies [45,46]).
Note that the relation of αs in this scheme to the running cou-
pling in the MS scheme is known to four loops and it can provide
a valuable alternative to the MS coupling in phenomenological ap-
plications [43].

Beyond perturbation theory, the behaviour of αs differs at low
scales for the scaling and decoupling solutions. Based on our prop-
agator data we can calculate αs for intermediate and lower scales,
and it clearly shows a decrease towards q2 → 0 (see Fig. 5). This is
again consistent with the decoupling DS and FRG solutions.

6. Conclusions

The progress achieved on the lattice during the last two years
in studying the IR limit of gluodynamics and checking the well-
known scenarios of confinement in terms of Landau-gauge Green’s
functions leads us to the following conclusions. Within the stan-
dard lattice approach as described above only the decoupling-type
solution of DS and FRG equations seems to survive. Since for this
solution the gluon propagator tends to a non-zero IR value, it
corresponds to a massive gluon. It has been argued that this be-
haviour contradicts global BRST invariance [12].

But the lattice approach as discussed here has a few weak
points. The choice of the gauge potentials Aµ(x) and correspond-
ingly of the gauge functional FU (g) is in no way unique. As long as

Fig. 5. Running coupling αs(q2) versus q2 for lattice sizes 644 and 804 at β = 5.70.

we are reaching the infrared limit by employing rather large lattice
couplings the continuum limit is not under control. Moreover, we
have used standard periodic boundary conditions which certainly
have an impact on the IR limit. The fact that under these condi-
tions the gluon propagator does not tend to zero is related to the
behaviour of the zero-momentum modes, which do not become
sufficiently suppressed as the lattice size increases. Changing the
definition of lattice Landau gauge, and correspondingly the lattice
definitions of Aµ(x) and M , modifying the boundary conditions
and further improving the gauge-fixing procedure, e.g., by taking
Z(3) flips as mentioned in Section 1 into account, may essentially
suppress the zero-momentum modes and correspondingly change
the behaviour of both the gluon and ghost propagators. Therefore,
a final conclusion still cannot be drawn.

Note that one of us (A.S.) has recently carried out a lattice com-
putation in the strong-coupling limit. For the gluon and the ghost
propagator at larger a2q2 it was possible to extract the right expo-
nents as expected for the scaling solution [47]. At asymptotically
small momenta, however, results were shown to depend strongly
on the lattice definitions of Aµ(x) and M . This corresponds to ob-
servations in studies of DS and FRG equations, namely that for
decoupling-like solutions any IR-asymptotic values of the gluon
propagator and the ghost dressing function can be considered as
boundary conditions [12].

It has been argued in [48] that a BRST-invariant gauge-fixing
prescription is possible on the lattice. It remains to be seen,
whether the preferred scaling behaviour of Landau-gauge gluon
and ghost propagators can be achieved consistently also in lattice
Yang–Mills theories.
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The first term is the standard result by Iwamoto [10], and
the logarithmic terms are non-Fermi liquid corrections. We
note that these terms have to be included because at very
low temperature !s log"T# becomes large compared to one.

We also note that if the scale inside the logarithm is on the
order of the screening scale, !) g$, then !s"$#*
log"!=T# stays finite in the limit $! 1 at fixed T.

IV. COMPACT STAR COOLING

In this section we wish to study the impact of non-Fermi
liquid effects on the cooling history of an isolated quark
phase. Our aim is not to provide a thorough analysis of the
cooling behavior of an actual quark or hybrid star but to
give a numerical estimate of the size of the non-Fermi
liquid corrections. The thermal evolution of the star is
governed by the neutrino emissivity, the specific heat,
and the thermal conductivity. Non-Fermi liquid corrections
to the specific heat were initially considered by Holstein et
al. [27] in the case of QED. The calculation was recently
refined and extended to QCD by Ipp et al. [29]. They find
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determined the scale inside the logarithm as well as frac-
tional powers of T. From the completeO"!s# result we find
! ’ 0:28m where m2 % Nf!s$2=# is the screening mass.

The thermal conductivity of degenerate quark matter
was studied by Heiselberg and Pethick [38]. Their result
suggests that equilibration is fast and that the quark phase
is isothermal. In this case the cooling behavior is governed
by

@u
@t

% @u
@T

@T
@t

% cv"T#
@T
@t

% &%"T#; (19)

where u is the internal energy, t is time, and we have
assumed that there is no surface emission. Without non-
Fermi liquid effects we have %) T6 and cv ) T. In this
case the temperature scales as T / 1=t1=4. With logarith-
mic corrections included there is no simple analytic solu-
tion, and we have studied Eq. (19) numerically.

We take the quark chemical potential to be $q %
500 MeV corresponding to densities 'B ( 6'0 where '0
is nuclear matter saturation density. We note that both cv
and % are proportional to $2 and the main dependence of
the cooling behavior on $ cancels. We evaluate the strong
coupling constant using the one loop renormalization
group solution at a scale $. We take the scale parameter
to be !QCD % 250 MeV which gives !s ’ 1 at $ %
500 MeV. It is clear that the naive use of perturbation
theory is in doubt if the coupling is this large. In practice
we estimate the uncertainty by varying !s between 1 and
0.4 which is the value used by Iwamoto [10]. We take the
scale of non-Fermi liquid effects to be ! % 0:28m as
explained above and assess the uncertainty by varying !
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FIG. 3 (color online). Kinematics for the quark direct Urca
process in the limit T ) E" + $e. In a free quark gas (upper
panel) energy-momentum conservation forces the quark and
electron momenta to be collinear. If Fermi liquid corrections
are taken into account (lower panel) the outgoing quark has a
nonzero transverse momentum l2? ) !s$2

e. The dashed disper-
sion relations give the HDL result whereas the solid lines show
the change when non-Fermi liquid corrections are included.
These lead to a flattening of the dispersion relation in the vicinity
of the Fermi surface.

THOMAS SCHÄFER AND KAI SCHWENZER PHYSICAL REVIEW D 70, 114037 (2004)

114037-4

T. SCHAEFER AND K.S., PRD 70 (2004) 054007, 
PRL 97 (2006) 092301



NON-FERMI LIQUID 
ENHANCEMENT

THE STRONG INCREASE OF THE DENSITY OF STATES NEAR THE  
FERMI SURFACE LEADS TO A LOGARITHMIC ENHANCEMENT OF 
MATERIAL PROPERTIES BY FACTORS OF

SPECIFIC HEAT AND NEUTRINO 
EMISSIVITY ARE MODERATELY 
ENHANCED:                       ,

STRONG ENHANCEMENT 
OF NON-LEPTONIC RATE ...

... SIGNIFICANTLY SHIFTS RESONANT 
MAXIMA OF THE BULK VISCOSITY

POTENTIALLY OBSERVABLE IMPACT OF
NFL EFFECTS OUTSIDE THE LABORATORY AND AT HUGE TEMPERATURES!

quark matter non-leptonic
as=3 as=1 as=0

quark matter
d-Urca

hadr. matter
modified
Urca
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A. GERHOLD, ET.AL., PRD 70 (2004) 105015;
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STATIC INSTABILITY REGIONS 
VS.  THERMAL X-RAY  DATA

R-MODES ARE UNSTABLE AT 
SMALL  AMPLITUDE  IF THE 
DAMPING  IS NOT SUFFICIENT

BOUNDARY GIVEN BY

REQUIRES TEMPERATURE 
MEASUREMENTS WHICH ARE ONLY
AVAILABLE FOR A FEW LOW MASS 
X-RAY BINARIES

TWO SCENARIOS TO EXPLAIN DATA: 
NO R-MODE: COMPLETELY DAMPED
TINY R-MODE: UNSTABLE, 
BUT SATURATED AT SMALL 

MANY SOURCES ARE CLEARLY WITHIN THE INSTABILITY REGION FOR 
NEUTRON STARS WITH STANDARD DAMPING (TINY RM REQUIRED)

QUARK MATTER WITH NFL-INTERACTIONS FULLY DAMPS MODE (NO RM)

⌦ib(T ) =
⇣
D̂T ���/Ĝ

⌘1/(8� )ANALYTIC 
RESULT:

PG = PD|↵!0

↵sat

K. SCHWENZER, ARXIV:1212.5242

BORING TRIVIAL CASE

INTERESTING!

NOT EVEN MAXIMUM

(THIN) BOUNDARY LAYER

DAMPING SUFFICIENT 

TO DAMP R-MODE!



R-MODE EVOLUTION
& DYNAMIC INSTABILITY

BOUNDARIES



R-MODE EVOLUTION EQUATIONS

THE PULSAR EVOLUTION IS OBTAINED FROM GLOBAL CONSERVATION 
EQUATIONS:

GENERAL BOUNDS SHOW THAT                                          
SO THAT THE APPROXIMATE FORMS HOLD FOR PHYSICAL AMPLITUDES

ONLY GRAVITATIONAL WAVE EMISSION EXPLICITLY CONSIDERED - 
BUT OTHER (ELECTROMAGNETIC)  SPINDOWN MECHANISMS  PRESENT

SINCE THE R-MODE IS UNSTABLE IT REQUIRES A VISCOUS 
SATURATION MECHANISM WHICH IS ASSUMED TO OPERATE AND TO 
STOP THE EXPONENTIAL GROWTH AT A FINITE AMPLITUDE       

d↵
dt = �↵

⇣
1

⌧G
+ 1

⌧V

⇣
1�Q↵2

1+Q↵2

⌘⌘
⇡ �↵

⇣
1

⌧G
+ 1

⌧V

⌘

d⌦
dt = � 2⌦Q↵2

⌧V

1
1+Q↵2 ⇡ � 2⌦Q↵2

⌧V

dT
dt = � 1

CV
(L⌫ � PV )

Q ⌘ 3J̃/(2Ĩ) < 81/(112⇡) ⇡ 0.23

B. OWEN, ET. AL., PRD 58 (1998) 084020,
W. HO AND D. LAI, ASTROPHYS. J. 543 (2000) 386

↵sat(T, ⌦)



QUALITATIVE ASPECTS 
OF THE EVOLUTION

TO ANALYZE THE QUALITATIVE FORM OF THE EVOLUTION IT IS USEFUL 
TO DEFINE CHARACTERISTIC EVOLUTION TIME SCALES

THE AMPLITUDE RISES QUICKLY ON TIME SCALES                                   
AND SATURATES AT

QUESTION: WHAT IS FASTER  - THERMAL EVOLUTION OR SPINDOWN?

HEATING IS VERY STRONG AND DOMINATES OVER THE SPINDOWN FOR:

THERMAL EVOLUTION IS ALWAYS FASTER FOR ANY STAR COMPOSITION!

STEADY STATE IS REACHED WHERE NEUTRINO COOLING AND VISCOUS 
HEATING BALANCE:

⌧↵ ⌘ �↵
�
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dt
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SPINDOWN OF YOUNG
NEUTRON STARS

THERMAL STEADY-STATE FULLY 
DETERMINES THE EVOLUTION

NUMERIC AND SEMI-ANALYTIC 
RESULTS COMPARE FAVORABLY

EVOLUTION HAS A REMARKABLE 
“MEMORY LOSS” TO THE INITIAL 
CONDITIONS, I.E. THE ...

INITIAL AMPLITUDE AND TEMP.

AND EVEN INITIAL FREQUENCY

STRONG INSENSITIVITY OF THE 
FINAL FREQUENCY TO UNKNOWN 
MICROSCOPIC PARAMTERS &         :

asat=1
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SEMI-ANALYTIC RESULTS
FOR THE ENDPOINTS
OF THE EVOLUTION

AT DIFFERENT AMPLITUDES
MAP OUT THE 

INSTABILITY BOUNDARY
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PULSAR EVOLUTION
& R-MODE INSTABILITY

“DYNAMIC” R-MODE INSTABILITY REGIONS ALLOW TO CONNECT 
TO TIMING DATA - INDEPENDENT OF SATURATION MECHANISM

DATA IMPLIES THAT                              BUT ALL PROPOSED R-MODE 
SATURATION MECHANISMS CAN ONLY SATURATE AT                       

X-RAY
PULSARS

RADIO
PULSARS

OBSERVED SPINDOWN RATES 
ARE UPPER LIMITS FOR 
R-MODE CONTRIBUTION

TEMPERATURES
HAVE LARGE

UNCERTAINTIES

MANCHESTER, ET. AL., 
ASTRO-PH/0412641

HASKELL, ET. AL.,
MNRAS 424 (2012) 93

EVEN VERY LOW AMPLITUDE 

MODES HAVE A BIG 

IMPACT ON THE EVOLUTION
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R-MODE INSTABILITY REGIONS VS. 
THERMAL X-RAY & RADIO TIMING DATA
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INSTABILITY BOUNDARIES IN TIMING PARAMETER SPACE ... 
INDEPENDENT OF SATURATION:

INTERACTING (NFL) QUARK MATTER CONSISTENT WITH BOTH X-
RAY AND RADIO DATA (NO R-MODE SCENARIO)!
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“R-MODE TEMPERATURES“

THE CONNECTION BETWEEN THE 
SPINDOWN CURVES ALLOWS TO
DETERMINE THE R-MODE TEMPERATURE 
OF A STAR WITH SATURATED R-MODE 
OSCILLATIONS (SCENARIO (II))
FOR GIVEN TIMING DATA

LIKEWISE INDEPENDENT OF THE 
SATURATION MECHANISM ...
BUT DEPENDS ON THE COOLING

THESE ARE ONLY UPPER TEMPERATURE 
BOUNDS  SINCE THE OBSERVED SPINDOWN RATE CAN ALSO STEM 
FROM ELECTROMAGNETIC RADIATION

MEASUREMENTS OF TEMPERATURES OF FAST PULSARS WOULD 
ALLOW US TO TEST IF SATURATED TINY R-MODES CAN BE PRESENT
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CONCLUSION

SEMI-ANALYTIC SOLUTION OF THE PULSAR EVOLUTION IS 
SURPRISINGLY INSENSITIVE TO MICROPHYSICAL DETAILS 
BUT CAN CLEARLY DISTINGUISH BETWEEN 
DIFFERENT CLASSES OF DENSE MATTER ...

... WHICH ALLOWS TO CONNECT THEORETICAL RESULTS TO 
EXTENSIVE AND PRECISE PULSAR TIMING DATA

PURE NEUTRON STARS CANNOT DAMP R-MODES IN LMXBS 
AND CANNOT EXPLAIN THE RADIO PULSAR DATA FOR ALL 
PROPOSED R-MODE SATURATION MECHANISMS

INTERACTING QUARK MATTER CAN GIVE A SIMULTANEOUS
X             EXPLANATION FOR BOTH THE OBSERVED 
X                   X-RAY AND RADIO  PULSAR TIMING DATA


