DEPENDENCE OF
DE DAMPING
ON THE MICROPHYSICS
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COMPACT STARS

COMPACT STARS ARE THE
DENSEST KNOWN OBJECTS
(~ My @ ~ 10km rADIUS)

... AND COULDP CONTAIN
EXOTIC FORMS OF MATTER

RERUIRES TO CONNECT
OBSERVATIONAL ASPECTS TO
e S

M ( CRO'S COP' C PROP ERT-I ES F. Walter (State University of Now York at Stony Brook) and NASA
ISOLATED COMPACT STAR

MANY MICROSCOPIC ASPECTS
OF STRONG INTERACTION ARE
PURELY UNDERSTOOD

MANY OBSERVABLES ARFE
RATHER INDIRECT AND
INVOLVE MODEL ASSUMPTIONS

X-RAY EMISSION FROM CRAEB PULSAR (F1054 A.D)
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DISCRIMINATION

PETAILED PROPERTIES OF A GlIVEN
COMPALCT STAR CAN

NEITHER BE OBSERVED

NOR THEORETICALLY PREDPICTED A

YET IT WOULD BE GREAT (F ONE COULD
ANSWER THE RUESTION IF A STAR IS
WITHIN A GIVEN CLASS
(E.G.: “RUARK. MATTER”)

FOR STATIC PROPERTIES (BE.q. MASS/
RADIUS RELATION) THIS IS HARD ...




DISCRIMINATION

PETAILED PROPERTIES OF A GlIVEN
COMPALCT STAR CAN

NEITHER BE OBSERVED

NOR THEORETICALLY PREDPICTED

YET IT WOULD BE GREAT IF ONE COULD
ANSWER THE RUESTION IF A STAR IS
WITHIN A GIVEN CLASS
(E.G.: “RUARK. MATTER”)

FOR STATIC PROPERTIES (BE.q. MASS/
RADIUS RELATION) THIS IS HARD ...

>

.. BUT FOR DYNAMIC PROPERTIES >
CERTAIN CLASSES OF STARS CAN

BEHAVE VERY PIFFERENTLY DUE TO

PARAMETRICALLY DIFFERENT

MICROPHYSICAL MECHANISMS
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PULSAR FREQUENCIE

[1 YOUNG STARS CREATEPD IN CORE-
COLLAPSE
SUPERNOVA

[1 REMNANT

SHRINKS R || e ;

STRONGLY @ - O - @

[0 ANGULAR ' '
MOMENTUM
J=1IQ=IMR2Q
(S CONSERVED => SPIN UP

[l oLD STARS IN BINARIES CAN BE
GRADUALLY SPUN UP BY ACCRETION




AG

DEPENDENCE
WHY DON'T THEY SPIN AS
FAST AS THEY COULD?

[0 AGEs ARE MOSTLY
UNKNOWN, BUT THE SPIN-
DOWN AGE COULD GIVE A
ROUGH ORPER OF nool
MAGNITUDE ESTIMATE

1000.0 F

[l PULSAR FRERUENCIES 0ol
AND SPIN-DOWN RATES
PRESENT IMPORTANT
DIRECT OBSERVARLES AND
SHOW A STRIKING AGE-
DEPENDENCE

FO

10

0.1

WHY ARE NO FAST,
YOUNG STARS OBSERVED?

[0l oOSCILLATIONS COULD SPIN
POWN STARS DUE TO .

10.0 100.0  1000.0 10000. 100000 100000 10E7 1.0E8 1.0E9 10E10  10ET
C(RAV'TAT’ O NAL_ “SPIN-DOWN"-AGE

RAD(AT’ON ee e ’ —ﬁ..
MANCHESTER, ET. AL. ASTRO-PH/0412641



R-MO

R-MODE: EIGENMODE OF A
ROTATING STAR WHICH IS
UNSTABLE AGAINST GRAV.

WAVE EMISSION
N. ANDERSSON,

ASTROPHY'S. ). 502 (1998) F08

LARGE AMPLITUDE R-MODE
OSCILLATIONS COULD RIUICKLY
SPIN POWN A STAR

B.). OWEN, ET. AL., PHYS. REV. P 58 (1998) 084020

BUT R-MODE GROWTH HAS TO
BE STOPPED BY SOME NON-
LINEAR DAMPING MECHANISM

—> MARK ALFORDS TALK

SIMPLE POSSIBILITY:
NON-LINEAR VISCOUS DAMPING

OTHERWISE, LARGE AMPLITUDE
R-MODES COULD BE DESTROYED

BY PECAY INTO OTHER MOPES

L.M. LIN AND W.M. SUEN,
MON. NOT. ROY. ASTRON. SOC. 370 (2006) 1295

B4 L L6 o i 8 0

SIMULATION BY L. LINDBLOM

VELOCITY OSCILLATION:

7 S
57 = aR) (%) Y Boiwt
DENSITY OSCILLATION (NLO IN (Q):

& 16m a AR?Q)?
L (m+1)° (2m+3) ~(Q)

(" v ot )
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Y
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VISCOUS DAMPING

VISCOSITIES PESCRIBE THE DISSIPATION DUE TO MICROSCOPIC

INTERACTIONS:

de 2

2 . T
E = -1 (Vavb + Vv, — —5abvcvc> —C (V : ”U)

3
SHEAR BULK

v1SC

SHEAR VISCOSITY PUE TO PARTICLE SCATTERING HAS USUALLY
A POWER LAW TEMPERATURE DEPENDENCE 1) = 17

BULK VISCOSITY DUE TO LOCAL : BN

n(r,t) =n+ An (r)sin [ —
DENSITY OSCILLATION ... 5
... WHICH INDUCES A CORRESPONDING on

CHEMICAL POTENTIAL OSCILLATION n
(.. pa = Un — Up — He)

WITH SUSCEPTTBILITIES THAT Oun A 2RIl G

CHARACTERIZE THE MATTER S= s S



BULKVISCOSITY

STRONG PROCESSES ARFE VERY FAST AND LEAP TO AN IMMEDIATE
THERMAL ERQUILIBRATION WHEREAS WEAK PROCESSES CAN BE
SLOW SO THAT CHEMICAL ERUILIBRIUM IS NOT ESTABLISHED

GENERAL FORM ARISING FROM MICROSCOPIC COMPUTATIONS:
3 M 112 j
T = TT%ua [ 1+ x; (—A> (wHere T'() =T — nw) )

NON-LINEAR TERMS IMPORTANT AT LARGE AMPLITUDE
—-> MARK ALFORDS TALK

GENERAL ANALYTIC EXPRESSION IN THE SUBTHERMAL LIMIT
2776
R

3 2
e (BFT5)

TWO ASYMPTOTIC LIMITS w S BTT?



DAMPING PROCESSES

I HADRONIC MATTER: “APR” EOS A AKMAL, ET. AL., PRC 58 (1998) 1204

B ISHEAR VISOOSH‘Y FROM LEPTONIC SCATTERING
P.S. SHTERNIN, B.G. YAKOVLEYV, PRD 78 (2008) 063006

I BULK VISCOSITY FROM WEAK URCA PROCESSES:

0 STANDARDMODIFIED N TN 2N TP+ E€E+ Ve, NPT E—N T+ Ve
R.F. SAWYER, PLE 233 (1989) 412

SRR EC T AT EHG FRDE NS R DS S vag i DS R S

P. HAENSEL AND R.SCHAEFFER, PRD 45 (1992) 4708

I eCrots 4 4 3mi g g
IR R : L SIS v B &
472 ('ud UL 'uS) 472 T 1272

M. ALFORD, ET. AL., AP) 629 (2005) 9¢&9

0 STRANGE QUARK MATTER: Pror =

[l SHEAR VISCOSITY FROM RUARK SCATTERING
H. HEISELBERG, C.). PETHICK, PRD 48 (1993) 2916

I BULK VISCOISTY FROM NON-LEPTONIC

WEAK PROCESSES S+ U <> d+ U J MADSEN, PRP 46 (1992) 3290;
M. ALFORD, S. MAHMOODIFAR, K. S,,

J. PHYS. g 37 (2010) 125202



PARAM

-RS

[l STRONG INTERACTION PARAMETERS:

—> A B C
— % hadronic matter mny (%)—1 S (4(1_’;;)5)2 4(1-2z)(n22 - 32)
- . 3m3; 4m3, (37\’271)§
ENTERS (N (hadronic gas) _ S &
R-MODE (372n) 3 3(3x2)3n3 -
ark T . s — m, 27?2 m, . m,
PROFILE quark matter (gas: ¢ = 0) 3-{-(1_{:)‘”g T2 (1+—~—12(1_C)ug) gy
NMoak nrocess ~ [\ (3—4)
B E AL VlSCOS(TY Weak process r [MeV ] _ ol x1 X2 X3
PA ME ] quark non-leptonic  |6.59x 10712 (300“%) 2 ﬁg‘ 0 0
hadronic direct Urca 5.24x1071° %)5 4 1;22 17;4 0
hadronic modified Urca| 4.68x107%? (%)5 6 33322 36271”4 183357rs
1 SHEAR V(SCOS[T‘Y Strong/ EM process N [MeV(S'*'U) ] o
5 14
. ark scattering [1.98x10%as ° (qpore=) ° |2
PARAMETERS: quark scattering as ® (o0 %,) =
(NON-FERM( LIRUID leptonic scattering 1.40x 102 (%) g
ENHANCED SCATTERI Nq) nn-scattering 5.46 x 10° (ﬁ) ¢ 2

L —

|



STAR MODELS

STATIC STA

n [ng)

L 1 T T LI | T T T

s’

10

-10

1.30

120} -

R [km]|

| OSCILLATING STARS \|

00 02 04 06 08 10
0/0x

[0 SOLUTIONS OF STATIC TOLMAN-OPPENHEIMER-VOLKOV ERS.

P. B. DPEMOREST, ET. AL.,

O ®otH 1.4M ® AND H'EAVY 2M, ®© STAR MOPELS NATURE 467 (2010) 1081

0 “SLOW ROTATION” EXPANSION IN {2 AND LINEAR MODE ANALYSIS

,L. LINDBLOM, ET. AL., PRL 20 (1998) 4843; PRD &0 (1999) 064006
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Gl ot b3 VN i 0 s N B
R S TN

O THE DPAMPING TIMES FOR GENERAL FORMS OF PENSE MATTER
CAN BE WRITTEN (N A SEMI-ANALYTIC FORM WHERE ALL
DEPENDENCE ON THE MICROPHYSICS (EQUATION OF STATE,
TRANSPORT PROPERTIES) AND THE STAR MODEL (PENSITY
PROFILES) IS CONTAINED IN A FEW DIMENSIONLESS CONSTANTS:

| 515 ] om e ey 2m—+2 3 . 1 R
7__ ol §-3 ( ) ; < 1) JmGMRQmQQm-i-Q Jm — — / p(,r) ,,,,2m—|—2d,r
¢ (@m+1)? \m+ Sk
1 _ (m—1)2m+1) SmAGEHR chtiishercly / iy
Ts T MT? WITH REHIAGED IR,
A8 7 R5O2TS 3 A4 Ro 4
1 16m ocpVmi A EW dr r2 A2C?T (52(7”))2

=l Om L3 (m+1)° (k—m)® AL T.M TG ol i

4 —1 171 504 R, 2,2
5 1 (2m+3) (m+1)° I MT?® RNy Agep /R = /
[1 DPEPENDENCE ON MACROSCOPIC PARAMETERS EXPLICIT RMORE

DENSITY
FLUCTUATION



INSTABILITY REGIONS

RS THE BOUNDARY OF THE INSTABILITY REGION IS GQIVEN BY:

_+Z< e <s>> =
/8

O IN GENERAL COMPULICATED NON-ANALYTIC ERQUATION IN T AND {2

S e

0 YET THE DEPENDENCE OF THE INDIVIDUAL TERMS IS VERY
PRONOUNCED SO THAT NEARLY ALWAY'S ONE DAMPING TERM

CLEARLY POMINATES

LI  APPROXIMATE ANALYTIC SOLUTION IN THIS REGIME

[0 CONDITION FOR BOUNDARY SEGMENT: T‘(/) krel

[0 CONDITION FOR EXTREMA: ry = T‘(/J) ITa| /2

...................



SEMI-ANALY TIC RESULTS

0 GENERAL RESULT FOR MINIMUM OF THE INSTABILITY REGION:

£l mm+ D2 (@m+ DM\ [ (@meD))2 @m+1) (mt1)2"+2 el e e
B4 A (2m + 3) (m + 2)°™ 2 (m — 1)®™ 167 (m —1)°" " (m+2)°™F | JEOTOINe Gito gem(3+e)—6—50 f2(6+o)
L] IMPORTANT BECAUSE IT DPETERMINES THE LIMITING

FREQI/LENCY TO WHICH R-MODES CAN SPIN POWN A STAR

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

SEpSVE sy | oo SONGCp Ay G T

main 1 ~923 /’ man 6_4R6_4

R128 J64G128M64A
0 EXTREMELY LOW POWERS OF S § V!

0.045

0.044

[ INSENSITIVE TO DETAILS WITHIN A CLASS ...

% 0.043
O ... BUT NOT TO DIFFERENT CLASSES (6 §0) &, |
L] GENERALIZATION OF A PREVIOUS RESULT 0041 — —
L. LINDBLOM, ET. AL., PRL 80 (199%) 4843 Temperature (K)

» v — | ” |
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VERY qOOP AGREEMENT BETWEEN THE SEMI-ANALYTIC AND
NUMERIC RESULTS

ANALYTIC EXPRESSIONS COVER THE BASICALLY ENTIRE
INSTABILITY BOUNDARY
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LARGE MASS STARS ARE SULIGHTLY MORE UNSTABLE

HYBRID STARS WITH A SMALL RQUARK CORE ARE
INDISTINGUISHABLE FROM ORPINARY NEUTRON STARS
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DIRECT URCA HAS A SMALL EFFECT (NOTCH AT THE R.H.S)

HGHER R-MODES MORE STABLE
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CONFRONTING

[l WLMXB'S FAR INSIDE THE
NEUTRON STAR
INSTABILITY REGION

[0 ANALYTIC ANALYSIS:
ROBUST STATEMENT!

[0 PosSsSIBLE EXPLANATION:

EXOTIC MATTER WHHCH
PROVIDES ENHANCED
DAMPING

[1 STABILITY WINDPOW
[l OoOTHER OPTIONS:
[l CRUST EFFECTS

[l SUuPERFLUPITY?

v |Hz|
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10°
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CONCLUSION

SEMI-ANALYTIC EXPRESSIONS FOR THE BOUNDARY OF THE
INSTABILITY REGION

SURPRISINGLY INSENSITIVE TO THE PETAILED
MICROPHYSICS FOR A GIVEN FORM OF PENSE MATTER

.. BUT COULDP DISTINGUISH CLEARLY BETWEEN DIFFERENT
CLASSES OF PENSE MATTER

DPEFINITE CONCLUSIONS RERUIRE ABETTER
UNDERSTANDING OF THE DYNAMIC R-MODE ASPECTS
(SATURATION, EVOLUTION, ...)





