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What’s inside of a compact star?
• The interior of a compact 

star is dense enough that it 
could contain various 
novel forms of matter …

FIG. 3: The major regions and possible composition inside a normal matter neutron star. The top

bar illustrates expected geometric transitions from homogenous matter at high densities in the core

to nuclei at low densities in the crust. Superfluid aspects of the crust and outer core are shown in

insets. [Figure courtesy D. Page.]
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• We know the underlying theory of 
matter (QCD) but we simply cannot 
solve it at high density, yet 

➡ learn from astrophysical signals 
• No signal we can detect (so far) 

escapes the opaque interior 
• All signals we see come from the 

surface or even the magnetospherefigure by D. Page

R<15kmM >M�
M. Alford, et. al.,  

Rev. Mod. Phys. 80 (2008) 1455



Forms of dense matter
• In hadronic matter there are simply many different particles:  

(non-relativistic) nucleons, hyperons, leptons, … and maybe mesons 

• There are few quarks, but a wealth of possible condensation patterns: 

‣ fully gapped phases (color-flavor locking at asymptotic   ) 

‣partially gapped color superconducting phases (e.g. 2SC) 

‣ inhomogenous and anisotropic condensates (e.g. LOFF) 

‣ungapped quark matter 

✦   

Equation of state is rather similar            Material properties, determined by   
…  for different forms of matter                 low energy degrees of freedom,  
                                                                       can be drastically different  

Many dozens of studied phases - uncountably many potential ones!
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Dissipation in dense matter
• Shear viscosity from particle scattering (strong/EM interaction) 

• Bulk viscosity from particle transformation (weak interaction)

candidate phase dominant processes shear viscosity reference

(ungapped) nuclear matter         &

hyperonic matter         &

superfluid nuclear matter

ungapped quark matter

CFL quark matter

candidate phase dominant processes bulk viscosity: low T reference

(ungapped) nuclear matter        or

hyperonic matter                           , …

superfluid nuclear matter

ungapped quark matter

CFL quark matter
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Dissipation at an interface  
in multi-component compact stars

• Ekman layer damping from shear rubbing of a fluid core along a 
solid crust 

• Damping time: 

• Only big if there is a sharp, i.e. cm-size, transition …  
… in reality there is a broad transition over >100 m!  
(core -> pasta phases -> inner crust -> outer curst) 

• Phase conversion dissipation between fluids in different phases 
with 1.order transition (e.g. quark/hadronic matter) 

•            requires strangeness changes 
• Interface slowed by weak reactions & diffusion 
• Only non-vanishing at finite amplitude, but then very strong:

Lindblom, et. al.,  PRD 62 (2000) 084030

Alford, Han & Schwenzer, arXiv:1404.5279 

FIG. 3: The major regions and possible composition inside a normal matter neutron star. The top

bar illustrates expected geometric transitions from homogenous matter at high densities in the core

to nuclei at low densities in the crust. Superfluid aspects of the crust and outer core are shown in

insets. [Figure courtesy D. Page.]
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Provides r-mode saturation mechanism in a hybrid star with ↵sat < O(10�10)
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“Transport Polytropes”
• Polytropes                are the swiss-army knife 

of neutron star physics 

‣ allow us to model the equation of state 
without direct insight into the 
microphysical details 

‣when used piecewise they can 
approximate rather complicated EoS  
(—> Bayesian analysis) 

• Goal: Can we find something similar for 
material and transport properties? 

• Idea: Classify phases of matter by some 
generic properties that qualitatively 
distinguish different phases and determine 
the simple functional dependences that 
determine the order of magnitude of 
transport properties
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Classifying phases of dense matter
• Material properties of different phases can be classified by generic 

features of their low energy degrees of freedom (encoded by different 
“flags”               ) … 

‣ degenerate (i.e. bosonic / fermionic):  
‣ relativistic: 
‣ strange: 

‣ condensed:  

and their interactions … 

‣ electromagnetic (vs. strong): 
‣ long-range (i.e. screened / unscreened):  
‣ kinematic restrictions that impose threshold effects: 

• Classification relies on several small parameters that distinguish 
different phases:      ,       ,         ,            , …T/µ ↵EM/↵ST/�

sd

sr

s 2 {0, 1}

s
x

sl

st

sc

se

pF /µ



Power counting
• Material properties generally involve (collision) integrals over the 

phase space of the contributing interactions 

‣ example: direct Urca neutrino emission 

• Based on the low energy properties the size of these integrals can be 
estimated by mere power counting in terms of the small parameters 
and flags that characterize the generic low energy properties 

‣ example: neutrino emission 

➡ classification into slow, intermediate and fast cooling already 
standardly used in this case 
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Connection to Astrophysical Observations
• The estimates for the material properties can be used to evaluate 

astrophysical observables, which generally depend on several transport 
properties, e.g. the cooling on  

• According to this the different neutron star compositions can be divided 
up into classes that yield different orders of magnitude for a given 
observable … and therefore can be distinguished despite uncertainties 

• With various different astrophysical processes, relying on different 
observables the composition could be even better discriminated, e.g. via 

‣Cooling of young stars —> X-rays 

‣Accreting sources & crust relaxation —> X-rays 

‣Neutron star mergers —> gravitational waves, … 

‣ Pulsar spindown —> radio data 

‣Damping of unstable modes —> radio, X-rays, …  
                                                      & gravitational waves

✏/cV ⇠ T 5+2(sd�sr�st)�sc(1�st)



“Seeing into … 
  … 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, spinning a star down ... 
✓ direct detection via gravitational wave detectors 
✓ indirect detection via spin data of pulsar: 

many fast spinning sources observed! 
• Star oscillations are damped by viscosity, which is induced  by microscopic 

particle interactions 

“Seismology”

… links macroscopic observables to microphysics of dense matter

advanced LIGO 
(2015)



R-mode oscillations
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ll ei!tvelocity  
oscillation:

• R-mode: Global oscillation 
eigenmode of a rotating star 
which emits gravitational waves 

• Mainly an incompressible flow 
in individual shells, but involves 
density fluctuations at large 
frequency 

• Large 
amplitude r- 
modes could 
cause a quick 
spindown 

• Yet we see very fast spinning 
(and slowly decelerating) 
sources: limits the amplitude

L. Lindblom, et. al., PRL 80 (1998) 4843,
B. J. Owen, et. al., Phys. Rev. D 58 (1998) 084020

N. Andersson, Astrophys. J. 502 (1998) 708,
K. Kokkotas, LRR 2 (1999) 2,

N. Andersson, K, Kokkotas, IJMP D10 (2001) 384

Simulation by L. Lindblom

Visualization by M. Beilicke



• If the viscous damping is 
strong enough even at low 
amplitude, the mode is 
completely damped away  
(does not even arise) 
➡ no gravitational  

waves 

• but not the case in fast pulsars 

• But even if the mode is initially 
unstable, the growth eventually 
stops due to some non-linear 
damping mechanism, e.g.: 
‣ non-linear hydro or viscous 

damping - large 

‣ mode-coupling - moderate 

‣ vortex-fluxtube cutting 

• General relativity and ideal hydrodynamics predict that  
r-modes are unstable to gravitational wave emission 
➡ mode amplitude (fluid velocity) grows exponentially 

๏ Yet realistic cold dense matter is not (even close to) an ideal fluid …  
                                there are two possibilities: 

                              Damping            Saturation

R-mode instability

L. Lindblom, et. al., PRL 86 (2001) 1152,  
M. Alford, S. Mahmoodifar and K.S., PRD 85 (2012) 044051

P. Arras, et. al., Astrophys. J. 591 (2003) 1129

↵sat =O(1)

↵sat =O(10�5)

rotational 
energy

r-mode

gravitational 
waves

J. Friedman, B. Schutz, APJ 221 (1978) 937



Generic evolution of pulsars

C. D. Ott, et. al., APJS, 164 (2006) 130

Newborn  
compact stars

… could spin about 
as fast as allowed 

by stability (>1kHz)

Observed  
young pulsars

with ages of thousands  
of years … all spin with  

surprisingly low frequencies

Middle-old  
pulsars

spindown further …

Millisecond  
pulsars

Low mass 
X-ray binaries
spinup by accretion  
from a companion  

over many millions of years

Non-pulsating 
compact stars

can be billions of years old 
and are extremely stable

… become invisible

“recycling”
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Multi-messenger data
In electromagnetic observations many fast (“millisecond”) pulsars are 
observed - they can be grouped into two classes: 

‣ Thermal X-ray data: ms x-ray pulsars in (low mass) binaries  
(LMXBs) currently accrete from a companion which  
allows a temperature measurement (10+ sources) 

✤   ‘s involve modeling and are somewhat uncertain 

‣ Timing data: ms radio and high energy pulsars  
(200+ sources) are very old and don’t accrete any more,  
but feature extremely stable timing data 

✦ one of the most precise  
data sets in physics! 

‣ (Future) Gravitational waves:  

★ only direct way to probe the star’s interior 

✓ GW astronomy could even detect “hidden sources”

T

Manchester, et. al.,  
astro-ph/0412641

ḟ < 0

e.g. Haskell, et. al., MNRAS 424 (2012) 93
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Present & future windows to the cosmos

frequency

electromagnetic radiationgravitational waves
• Emitted by huge and quickly moving masses 

• Hardly absorbed by matter 

• Probe the interior of dense objects

• Emitted by (thermally) moving charges 

• Generally easily absorbed by matter 

• Probe the surface of dense objects

(particle rays >>)



GW identification and direct Information
• Direct observables from the gravitational wave data are 

• If the rotation frequency is known r-mode gravitational wave 
emission can be clearly identified 

• The most important information is …  
                                        … that r-mode GW emission is present! 

★ yields direct information on the damping in the interior 

➡ for the different classes of sources  
this directly distinguishes different  
phases of dense matter

GW amplitude     , GW frequency    ,GW spindown rate    …⌫ ⌫̇h0

Ellipticity R-modes
⌫ ⇡ 4/3f < 2f⌫ ⇡ 2f general relativistic  

and rotation corrections



Information from multi-messenger observations

… combined  
with    electromagnetic data 

this yields  far more …
electromagnetic data

far more

Direct GW 
observations provide GW 

amplitude     , frequency   ,  
change rate ⌫̇

h0 ⌫
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Information from multi-messenger observations
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Information from multi-messenger observations
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  Spindown Rate ḟ
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Gravitational waves from old ms-pulsars
• In addition to the standard 

case of deformations   
r-modes are a promising 
continuous GW-source 

• The r-mode saturation 
mechanism should operate  
in all sources … 

✦ novel universal spindown 
limit for the GW signal 

➡ Millisecond pulsars are below 
the aLigo sensitivity 

✓ However they could be 
detectable with further 
improvements or  
3. generation detectors
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• Since r-mode emission can quantitively explain the low  
rotation frequencies of young pulsars (which already spin too  
slow to emit GWs), very young sources are promising targets 

• GW strain depends basically only on age and distance
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So far we are at the beginning …



… but it could be only a matter of sensitivity



“Effective Theory of pulsars”
• Observable macroscopic properties depend only on quantities that 

are integrated over the entire star: 

PG = 32⇡(m�1)2m(m+2)2m+2

((2m+1)!!)2(m+1)2m+2 J̃m
2
GM2R2m+2↵2⌦2m+4

PS = � (m�1)(2m+1)S̃m⇤3+�
QCDR3↵2⌦2

T �

PB = � 16m
(2m+3)(m+1)52

⇤9��
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“Effective Theory of pulsars”
• Observable macroscopic properties depend only on quantities that 

are integrated over the entire star: 

• Pulsar evolution for r-mode amplitude   , angular velocity    and  
temperature    are obtained from global conservation laws 

✴ Universal hierarchy of evolution time scales: 
✦ Semi-analytic results for the complete r-mode evolution …  

e.g. final frequency 
for a neutron star:
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J̃m ⌘ 1
MR2m

R R
0 dr r2m+2⇢J̃m

S̃m ⌘ 1
R2m+1⇤3+�

QCD

R R
o

R
i

dr r2m⌘̃S̃m
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Extremely insensitive to microscopic details … but not to the form of dense matter!
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Static instability regions vs. x-ray data
• R-modes are unstable at  

large frequencies 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 the data:  
“no r-mode”: completely damped  
“saturated r-mode”: unstable,  
but saturated at small  

• Many sources are clearly within the instability region for neutron stars 
with standard damping (saturated r-mode scenario required) 

• (Incl. interactions) quark matter fully damps mode (no r-mode scenario)
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Evolution of young pulsars
• Observed young pulsars spin 

with very low frequencies, but 
newly formed pulsars should  
spin with huge frequencies 

• They cool until r-modes become 
unstable and saturate at a finite 
amplitude 

• R-modes heat the source and  
the GW emission spins it down 
along a steady state curve  
where heating balances cooling 

• Afterwards they leave the 
instability region, r-modes  
decay and these sources  
cool and spindown

Ê

Ê

Ê

boundary of the
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viscous damping
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fast
initial
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C. D. Ott, et. al., APJS, 164 (2006) 130



Evolution of recycled pulsars
• Pulsars can be spun up to high 

frequencies (so far           )  
by accretion in low mass x-ray 
binaries (LMXBs): “Recycling”,  
which heats them strongly 

• When accretion stops, they 
cool quickly until either … 

1. they leave the instability 
region (low frequencies) 

2. r-mode heating  
balances cooling  
(high frequencies) 

➡ very slow spindown along 
steady state curve

Ê
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Ê
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steady state curve Whc,
along which heating
equals cooling

boundary of the
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… without enhanced damping, fast spinning stars cannot escape the instability region

“Saturated r-mode scenario”

716 Hz



Pulsar evolution with enhanced damping
• Enhanced damping can lead 

to a stability window where the 
mode is stable up to large  

• When accretion stops, source 
1. cools into the instability 

region and … 
2. is pushed out of it again 

by strong r-mode heating 

• Decaying oscillation around 
the instability boundary 

➡ dynamic steady state 
and slow spindown  
along the boundary
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Effective dynamic saturation mechanism without amplitude-dependent dissipation
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Pulsar evolution 
& r-mode instability

• We only measure the total spindown rate which can stem from various 
mechanisms, so that the sources could be outside of the instability region … 

• However, to cool out of the instability region would even require                       

x-ray
pulsars

radio
pulsars

observed spindown rates are  
upper limits for 

r-mode contribution

temperatures
have large

uncertainties
Manchester, et. al.,  
astro-ph/0412641Haskell, et. al.,

MNRAS 424 (2012) 93

even very low amplitude 

modes have a big 

impact on the evolution

young  
stars

old 
stars

(r-mode)

↵sat . O
�
10�10

�

Spindown data is restrictive despite our ignorance what fraction is due to r-modes!

spindown
curves

r-modes give a 
quantitative explanation 

for low frequencies of 
young pulsars!



R-mode instability regions vs.  
thermal x-ray & radio timing data
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Dynamic Instability boundaries in  
timing parameter space: independent of saturation physics!
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R-mode amplitude bounds
• Although most millisecond pulsars 

are too faint to measure their 
temperature, X-ray  luminosity 
measurements impose upper 
bounds on the temperature …
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• R-modes strongly heat a source 

✦ temperature bounds impose  
r-mode amplitude bounds 

• Millisecond pulsars impose the  
lowest amplitude bounds 

✦ requires very strong dissipation!

↵ < 10�8

LMXBs: Haskell, et. al., MNRAS 424 (2012) 93
MSPs: Becker & Trümmer, arXiv:1511.07713
MSPs: T. Güver, T. Boztepe, E, Vurgun 

(photon cooling)

conserva
tive

 

bounds!

triangles: spectral data
diamonds: timing data

S. Mahmoodifar and T. Strohmayer,APJ 773 (2013) 140

K. S., T. Boztepe, T. Güver, E. Vurgun, arXiv:1609.01912

J1023+0038 

J2241-5236 



Standard damping mechanisms
What could saturate r-modes at such low amplitudes                ? 
• Ekman damping  —>  “pasta” 
• Non-linear hydro 
• Non-linear viscosity 
• Mode coupling 

‣ complicated since there are many modes … 
• Magnetic fields generated by Differential rotation 

‣ pulsars have “tiny” magnetic fields 
• Mutual friction 
➡ All “standard mechanisms”, that are independent of the composition 

and could be present in minimal neutron stars, face big challenges!

P. Arras, et. al., Astrophys. J. 591 (2003) 1129,  
R. Bondarescu, et. al., Astrophys. J. 778 (2013) 9

L. Lindblom, et. al., PRL 86 (2001) 1152,
W. Kastaun, Phys.Rev. D84 (2011) 124036 

↵ < 10�8

↵sat = O(1)

↵sat = O(1)

 L. Bildsten,  G. Ushomirsky, APJ 529 (2000) 33,
L. Lindblom, B. Owen, G. Ushomirsky, PRD 62 (2000) 084030

M. Alford, S. Mahmoodifar and K.S., PRD 85 (2012) 044051

↵sat > 10�6

B = 108�109G
L. Rezzolla, F. Lamb, S. Shapiro, APJ 531 (1999) 139, J. Friedman, L. Lindblom, K. Lockitch, PRD 93 (2016) 024023

(f-mode)

(1. parametric instability theshold -  
best estimate!) P. Pnigouras, 

K. Kokkotas, 
1607.03059

All “standard mechanisms”, that are independent of the composition 
and could be present in minimal neutron stars, face big challenges!

B. Haskell, N. Andersson, A. Passamonti, MNRAS 397 (2009) 1464



This is getting interesting …
There are several composition-dependent mechanisms in more 
interesting forms of matter (random selection): 

• Completely ungapped quark matter (non-Fermi liquid interactions) 

‣ spindown along a stability window (dynamic saturation) 

• Hyperonic matter 

• Resonance coupling in superfluids (not quantitative, yet) 

• Pasta phases ??? 

• Phase conversion in hybrid stars 

★ Strongest saturation mechanism 

• Or something we haven’t even thought about …

M. Alford & K. S., PRL 113 (2014) 251102 & NPA 931 (2014) 740

M. Gusakov, A. Chugunov, E. Kantor, PRL 112 (2014) 151101
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Conclusions and Outlook
• Electromagnetic observations actually start to constrain the interior 

physics of compact stars via r-mode astroseismology 

✤ “Minimal” neutron stars cannot damp r-modes in MSPs and 
LMXBs and therefore have problems to explain the pulsar data for 
know saturation mechanisms 

★ Unpaired quark matter can simultaneously explain the data  
                         on LMXBs and radio pulsars 

✦ Hybrid stars can saturate r-modes at insignificantly low 
amplitudes 

✴ Gravitational wave detection would open a novel window into the 
star interior and provide detailed information on star properties 

➡ Classification scheme required to combine different observational 
data sets to clearly discriminate different forms of dense matter

“NO X-RAYS” AND NO GRAVITATIONAL WAVES

THERMAL X-RAYS AND  

GRAVITATIONAL WAVES 

EXPECTED!


