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What is an r-mode?

Stellar oscillations can be classified according to
1) the dominant restoring force and 2) the geometry of the fluid motion

R-modes - oscillations of rotating stars:

1. Restored by the Coriolis force
2. Quasi-toroidal motions:

Flow velocity:
v = Vg + 0V
— N
equilibrium velocity | velocity perturbation
(rotation) (r-mode)

dv(r,t) = [r x V]T(r,t)
T(r,t) = Tpn(r)P™(cos f)e' ¢+t

R-mode oscillation frequency:

2m
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Notations and terminology:
(2 — angular velocity
T},, — toroidal function
P/™ — associated Legendre polynomials

Geometry of a purely toroidal motion:




Why study r-modes?

R-modes are the most susceptible
to the Chandrasekhar-Friedman-Schutz (CFS) instability

(with respect to emission of gravitational waves)
[e.g., Lindblom et al. Phys. Rev. Lett. 1998]

CFS mechanism in a nutshell:

[Chandrasekhar 1970; Friedman & Schutz 1978]

Oscillating star emits gravitational waves:

4

Change of the oscillation energy:

Instability criterion:

EGW(Q) = emitted energy /sec
Jaw (1) = emitted angular momentum //sec

Ecrs(Q) = Eaw(Q2) — Qaw ()

ng(Q) > QJG\N(Q) =4 ECFS > ()

For r-modes the instability criterion is met at any Q!!!

T

Under favorable conditions r-modes may become visible to GW detectors




The concept of the r-mode instability window

Evolution of r-modes An example Newtonlan nucleomc model

d BSk24 EOS s ]
r-mode e _
600 __ 1 '4M® “ JOOZ‘HEA‘X J1750.8-2900 L . __

energy E L LMXB R 9§§O e Instability window

gt (CFS-mechanism prevails)

XTE J1814-338
IGR_J17191-

500 _ SWIFT J1749.4-2807
Energy SAX J1748.9-2021
mechanlsm: dissipation: Jo0l SAX s acsosn IGH pigs301 ]
. hd 00 - HETE_J1900.1-2455
Ecrs(2) > 0 Eqiss (2, T°°) < 0][3
>

821

T — stellar temperature (redshifted) 300f

IGR_J17511-3057

The most «popular» dissipative agents:

200

 shear viscosity (n (g '
[friction of the fluid layers in relative motion]
 bulk viscosity () 100

[heat production by out of equilibrium
chemical reactions

Insta_lblhty window: log,o T [K]
[e.g., Lindblom et al. 1998]

ST 5 00 LMXB paradox: the window likely should not
E = Ecrs () + Eaiss (21, T7) > 0 [e.g., Haskell 2015]  contain observable sources!




The LMXB paradox

Attempts at stabilizing r-modes An example Newtonlan nucleomc model

* particle diffusion ' BSk24 EOS ,
[K. Kraav, M. Gusakov, E. Kantor PRD 2024] C1.4M,, T :
[K. Kraav, M. Gusakov, E. Kantor MNRAS Lett. 2021] 600 _ SAX JI750.8-2900 . . ]
[ LMXB e e Instability window
- st (CFS-mechani i
* resonant suppression : %Mg “iechiatlisin preval S>_
by superfluid modes o001
[Kantor E., Gusakov M., Dommes V. PRD 2021] i SAX J1748.9-2021
Kantor E., Gusakov M., Dommes V. PRL 2020] I s g ST
400 o T ]
* Ekman layer dissipation = b
K. Glampedakis & N. Andersson PRD 2006] — [ .
Y. Levin & G. Ushomirsky MNRAS 2001] S a0k TGR_gT191-3521 i
L. Bildsten & G. Ushomirsky ApjL 2000] i
IGR_J17511-3057
* mutual friction S0l ]
[B. Haskell et al. MNRAS 2009] i
« amplified bulk viscosity Look b
in hyperonic matter -
[D. Ofengeim et al. PRD 2019]
[M. Nayyar & B.]. Owen PRD 2006] 1 . , ,
Thi i 6 7 8 9 10
1S study:
log,y T™ [K]
Consider relativistic r-modes LMXB paradox: the window likely should not
in hyperonic stars le.g., Haskell 2015] ~ contain observable sources!




Why relativistic r-modes in hyperonic stars?

We expect extremely strong dissipation through bulk viscosity

Newtonian theory severely underestimates Hyperons strongly enhance
the r-mode damping by bulk viscosity the bulk viscosity coefficient ¢
o 1 600_'|'"'I""I""I""I'_
~— 11/ BSk24 EOS Newtonian r-modes | .
NQ M = 1.4 Mo f 500 - ]
2 1O'_nonbarotlropic mattter 1 -
E  npeu-composition [
- l=m=2 400 | —
S T et/ S
5—/ F h——
/\ i G - _
o 8 300
— [
= |
~ 7:' 200 | -
= [
I o -
El. Bulk viscosity (¢) 00 F oo TMIC, 1.75M,,
T 51 modified Urca normal protons - —— ---- FSU2H, 1.60M,,
"""""""""""""" R S S S T S SI H ST RS B
0.0 0.1 0.2 0.3 0.4K | 0.5 7.0 7.5 8.0 [ ]8.5 9.0
exponential epler log,, T K
decay time due to { €1/S2k +— angular velocity
[from Kraav, Gusakov & Kantor PRD 2024] [from Ofengeim, Gusakov, Haensel & Fortin PRD 2019]




Hyperonic stars




Model of a hyperonic star

Hyperonic star - a star that contains hyperons in its interior

Hyperonic equations of state

e relativistic mean field
e compatible with massive (~ 2Mg) stars
o Aygs- and = -hyperons appear first

FSU2H (Providéncia et al. 2019)

|B| Esym L K Mmax
[MeV] | [MeV] | [MeV] | [MeV] | [Mg]
16.3 30.5 | 445 | 238 1.99
TM1C (Gusakov et al. 2014)

16.3 36.9 111 281 2.05
B - binding energy

Esym - symmetry energy

L - symmetry energy slope
K - compressibility

M,,..- maximum stellar mass

Simplified stellar model

p — pressure
£ — energy density
p = g/c® — density
ni — number densities

Barotropic crust
p = p(e)

Nonbarotropic core
p= p(nna Tpy My Ty TUA nE_)

Representative core structure

T 'II T —f[ r r r T [ r T T T [ T T T T [ T T T T [ T T T T [ T T ]
! o NS masses [Mg)] ;
— 35.0 : ]
[ap] I ]
s 5l 2 r
o5 34.5¢ 51O .
S b SR 5
T 34.0F #E ;
%‘5' 3 m: c3 ]
T 3350 npeg npepA  npepA="
! matter matter  martter
T 14.4 14.5 14.6 14.7 148 14.9 15.0

equilibrium — logyo p [g/cm?]




Chemical reactions in hyperonic matter

Chemical reactions are classified by their reaction rates
(following closely Ofengeim, Gusakov, Haensel & Fortin PRD 2019)

Chemical reactions:
(for example)
direct: 142 —+3+4
inverse: 1+2<+3+4

extremely slow

Chemical imbalance:

(deviation from chemical equilibrium)

124534 = M1+ f2 — (3 — 4
chemical potentials

moderately fast

[owse =
o34 (p126534) & Aoes3afi1oes3a

Weak leptonic processes

Weak nonleptonic processes

modified Urca:
n+N—->p+N+I+1p

p+N+Il—>n+ N4y
T o (T/Tp)®

direct Urca:
n—p+Il+n
p+1l—>n+y
I (T/Tp)*
[ — leptons
V] — neutrinos

Will be ignored
as negligibly slow

N — nucleons
v; — antineutrinos

n+n< A+n
n+p< A+p
n+A— A+A
n+=2" < A+Z=7
n+A="+p
I x (T/Tg)?

Total reaction rate:

Will be treated
as arbitrarily fast/slow

Reaction rates I' and A:
(reactions/time/volume)

P12—>34 - P12<—34

extremely fast

Strong process

AMdMAZ=Z +p

chemical equilibration
at negligibly short timescales:

Tstrong < Thydro

{4

Will be treated
as equilibrated:

2pup — p=- —pp =0




Adiabatic index (y)

Stiffness of the matter under adiabatic compression

Bulk viscosity and adiabatic index

N =

Wo
Po

Ap B
Ae . - P)’fr*ozen

=

()\tot/)\max>2

1 + ()\tot/)\max)2

|

| .
frozen reactions

effect of reactions

Verozen, By and Amax: determined by the EOS
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Bulk viscosity (()

Heat production by out of equilibrium reactions

[following Ofengeim, Gusakov, Haensel & Fortin PRD 2019]

)\maxa Cmax: Ap — Apad = —CdiV’U
determined 2(Mtot/Amax)
by the EOS | ¢ = Smaxy (3~ 73 53
107 matter
responds
08t immediately:
' —1

5 0.61 T
S
~~
~

~ 041 i

g matter _

0.2 ;4— lacks the time 1

e to respond: _

0.0l G X Agot ]

1 2 3 4
)\tot/)\max

NOTE: v and ¢ depend on T throuh Ao (7)




iy I - . . —
9.0} 2 T PSS Chemical reactions and pairing effects
% 8'5;_ | Hyperons: normal (T,5 < 107K)
2 80l -g [Takahashi et al. PRL 2001; Wang & Shen PRC 2010;
= E’; Takatsuka et al. Progr. Theor. Phys. 2006]
7'5§ =8 Protons: normal/strongly superconducting
7ol 28 Neutrons: normal/superfluid (N3LO, TTav, Av1S)
9_01F.ISU'2}II Sm— 5 - [ 1| 1. Pairing affects the particle spectrum
_ 85N S ek(P) — e = vk ([Pl — pre)
5 : = 4 T <Tu
o C ! " ] :
E 50| i i ex(p) — px = sign(|p| — pF)\/@% + vi,(Ip] — pre)?
7.5 %i éi . 4 T, — critical temper'ature O — energy gap
- < o ] prE/Vrr — Fermi momentum /velocity
o oFTMICH—— R ~~ " | 2. The spectrum affects the momentum distribution
E : | ] . . 1
2 8 \E\EEN% E? L ﬂ Fermi-Dirac distribution: | f.(p) = [T o (0l /T
< sof . T ]
%%’ : 14| 3. The distribution affects reaction rates
- b 3 3 _ H124+34 P124534
[ .- 2 li2esa =234 — Ti2ess I( = > - I(— = )
[ 4 b kBT I{TBT
A0 P T T M B

[from Ding et al. PRC 2016; Ho et al. PRC 2015;
Takatsuka & Tamagaki, Prog. Theor. Phys. 2004 ]

7

4 4 summation over
£) = /5(2 Zm — §) H frdxy, energy- conserving
m=1 k=1

reactions

2 = (e — )/ kBT  x = vrr(|P| — prK)/ kBT




Chemical reactions and pairing effects

Neutron superfluidity

Reduction factors:
\p12034| < kBT :

Strong proton superconductivity

Suppresses weak reactions:

nFpoAtp—rtASE Fp Maoga— 0

superfluid superfluid ysuperfluid
ng 34 = >‘12<—>34 1_‘12<—>34 _ 7 1234 (O)
A T normal normal = /mormal
)‘12<—>34 1—‘12<—>34 7 12534 (0)

Neutron energy gap

[e.g., Haensel et al. 2000]

Reactions involving one neutron:
[P. Haensel, K. Levenfish, D. Yakovlev A&A 2002]

R[l] B 3 /Ty —y (y2+y+7rz)
asympt — 5 9 € T2
5/4, p1/2
R = 9 T p[0.5068 — /g% + 0.50687]

a; =14+0.3118y% by =1+ 2.5564>

o) =4/1— Tz [0.7893 +

1.188
kT

T/T.

Reactions involving three neutrons:

B _3V3 o
Rasympt - ?6 Y Yy (3 Y+ 2)
Rl[ci] = ﬁe_% (ag — bge_y)

2T
as = 3y? + 2y + 15.68,

by = 2.791y% + 7.7329% + 14.06 y + 14.47




Relativistic r-modes




Hydrodynamic oscillation equations

Eulerian perturbations: Lagrangian displacement: Lagrangian perturbations:
f=/fo+of Ut = i(010c/c)EH Af=0f+ SpvpfO
equilibrium collective 4-velocity local oscillation frequency

Stellar equilibrium

1. Hydrostatic equilibrium:

Metric tensor:
[Hartle 1967]

d82 — _62V(T)C2dt2 + e2>‘(r)dr2—|—
+ 1r2{d6? + sin® 8dp — Qw(r)dt]?}
frame-dragging effect
Four-velocity:

ut = AkH
k* = (1,0,0,9Q/c)

Gravitational redshift:
A = (=ktk,) 712 e ()

Hydrodynamic equations

1. Linearized Euler equation:
S{wuhV, uf = —+VPp + 1LV, (neot )}

n — shear viscosity (friction of fluid layers)

ut — 4-velocity w — enthalpy density
g, — metric tensor 'V, — covariant derivative

1A= gt +utyy  Lyr =1y,
2. Linearized continuity equations:
chemical
O{ V() =Ty /c} reactions

Ae +woTV, 4 =0
Ap + 'ypolvuf“ = —CCJ‘VMLU“

A 4

2. Thermal equilibrium: 7°° =T/A = const

3. EOS: 5:5(nnanp7neanuanAanE_)

3. Chemical equilibrium:

1234 =0 I'ioysg =T19034 Tioess =0

4. Thermodynamics:

dp = nydp

de = ukdnk

W=p e = fugng




R-mode eigenfunctions

Looking for r-mode solutions

Velocity perturbation due to an r-mode
ov(r,t) ~ [r x V|T(r,t)
T(r,t) = Tip(r)P™(cos §)e Pttt

Tim (r) — toroidal function

Relativistic r-mode peculiarities

Kraav K., Gusakov M., Kantor E.
[PRD 2022, Universe Lett. 2022, PRD 2024]

1. Sophisticated dependence of 1, on {2
2. Exponential suppression at 2 — 0

d2
toy model: Q2ﬁTlm — ¢} Tp =0

ﬂm ~U e(QZm/Q)T
dTlm/dr ~ Tlm/Q

3. Peculiar “ordering”

r r
gGR 0 gNewt 2
Crhn GR T’lm Newt

Toroidal function

Newt: Newtonian calculation (no dependence on (1)
GR: Relativistic calculation (depends on (1)

1.0f FSU2H core — GR i |
| Frozen weak reactions [ ---- Newt I,
L l=m=2 i o
0.8F QK ~ 1.5 kHz ‘, -
r 16M@ 1
i i
|
|
b8
1 N
[
| [\
[
B
2]
8
:
|
|
|
I -
|
|
|
|
|
|
|
|
|
L .
1.0




Dissipation through bulk viscosity

Kraav, Gusakov & Kantor: 11?-6 Mg FSIIJ;2H rr;(?del Newt: any Q
[PRD 2024] , lfiin_wgamszgc U5 1 GR:  depends on
General formula: e — —
: - — GR  ---—- Newt l |
E: = —/C(Vuu“)2c2\/—g >z I - I -
Lo, — ]
R-modes: . |
. 112 0.8 ]
E; o —Q° 2(7') [ <T)] Fe(r)dr _ l -
A2(r) [ (r) \ = l =a
GR(,.\ _ n—m(m—1)u(r) = 0.6f T
=iy =r e Tin(r) doesnot| | | ]
ANEVE () = 7™ T (1) dependonT,,| |= ol i g i
Schwarzschild discriminant: [ i I
(matter is nonbarotropic) - l .
0.2F ! |
A(r) = 2o polr) [, wolr) ] | ]
wo(r)  wo(r) v(r)po(r) : I
0.0 . ]
Amplification by relativistic effects | Dpepd-matter R
. : 0.0 0.2 1.0

‘hNeWt/<T)‘ < ‘hGR/(T)‘ = ‘E?R‘ > ‘Eé\lewt‘
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Dissipation through bulk viscosity

Damping time due to {

. 2FE | E — r-mode energy
¢ |E¢| | B¢ — energy loss through (/time
' 1.6 M, FSU2H
104+ Frozen weak reactions-
superconducting protons
normal neutrons]
Look T = 10°K]
1 -
0.01r
Newt |
10—4 L
>2 orders! |
GR
107°
0 100 200 300 400 500 600 700

Q) [Hz]

h(r)/h(R)

Amplification mechanism

1.0

0.8

0.6

0.4

0.2

0.0

S G LAG) .
Bt [ 4 ) R
| "= R - New| |

npep/\-matter

IS y¢qSd

0.0

0.2




Dissipation through shear viscosity

Damping time due to n Energy loss due to 1

S 2E | E — r-mode energy Kraav, Gusakov & Kantor:
K | En| E, — energy loss through 7/time [PRD 2024]

General formula:

0.12:| _ n pv 2 3
[ GR 7, =0.119 (T§°)2yr: by = _/ 50w 0 € V=8 d’z
] 2
0.10 small ] I V/U TN v YT 3 IR VAT
difference

R-modes:

- Newt 7, = 0.082(T5°)2 yr{|[— 2
- I 2, « -2 / () [T () — 1T ()] +

+ (m—1)(m+ 2)62)\(T)T31(7“)}6_)\(T)d7“

0.06f Hl The effect of r-mode peculiarities in GR

1.6 M, FSU2H Enhanced dissipation

Frozen weak reactions| at sufficiently slow rotation rates
superconducting protons

7y % (T5°) 2 [y1]

No significant differences
at rotation rates relevant for stars in LMXBs

0 100 200 300 400 500 600 700
() [Hz|




Amplification by CFS-mechanism

Driving time due to CFS-mechanism Energy pumping by CFS mechanism
~ 2E | E - r-mode energy Kraav, Gusakov & Kantor:
ors = FEcps | Ecrs — CFS energy supply/time [PRD 2024]

Thorne 1980:

0.50f 1.6 M, FSU2H- 9L+2
Frozen weak reactions; ECFS _ ___3 Z Z ( > %

0.45] : T M=
: X Np[|Zoa|* + |Searl’]

_ 0.40¢

cf _ R-modes:

%:g ! : 2m—+4 2) 2 ’
. : Newt rors — 0.32 07272 oy Ecrps o< Q2™ [/ wo (1) T (1) €22 pm+ dr]
CLQ | i
& 0.30f 1

[ small [ll The effect of r-mode peculiarities in GR
. difference ]
- Suppressed CFS-amplification
i GR  7eps = 0.24 Q2" | at sufficiently slow rotation rates
0 100 200 300 400 500 600 700 No significant differences
Q) [H7] at rotation rates relevant for stars in LMXBs
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Calculation overview

Boundary of the instability window

Ecps(Q,T°) 4+ E:(Q,T°) 4+ E, (2, T>®) =0

CFS-mechanism _ 2
(GW-emission Ecrs(Q, T%) oc Q"+ U wo (1) Tom (1, €2, T°°)e2*(7")rm+2d7"]
amplifies the r-mode)

Bulk viscosity _
(heat production Eq(,T%) o< —Q°
in chemical reactions)

- 00 %) %) 00\12
Shear viscosity | Ey({LT )0<—Q2/77(7“7T WL (r, 2, T°°) = rT5, (r, Q, T +
(friction in the fluid)

C(r, Q,T) [h’(r,Q,Too)

2
F
A2(r, Q, T) v(r,ﬂ,Too)] c(r)dr

+ (m —1)(m+2)eP"T2 (1, Q, TOO)}e_A(’")dfr
NOTE: v and A depend onT" = T,, and h depend on T

Microphysical conditions

EOS: Protons Neutrons Adiabatic index
1.FSU2H | 1.normal (N) 1.normal (N) 1.Frozen
2.TM1C 2.strongly superconducting (SSc) | 2.superfluid (N3LO, TTav, Av18) | 2.Fast
3.Exact




1~ LMXB / . :
800 -— Exact / Instability windows
L --- Frozen /
|| --- Fast /
e e Stellar models:
o0 o SRR RD ' ] i » FSU2H EOS
5] « M=15/1.6/1.7 Mg
S 400] Protons:
NG o1 normal (N)
IGR J17511-3057
200 gy —— S " LMXB data:
- FSU2 .
- protons : N - protons : N (See references in
prenmemg e N neutrons - SIAVIS 77— |Kantor, Gusakov & Dommes
- LMXB 1 ——LMXB j PRD 2021)
800 F— Exact -— Exact / -
--- Frozen 11 === Frozen / Reaction rates:
| --- Fast || --- Fast ]
Ofengeim et al. PRD 2019
o001 ' Shear viscosity:
g Schmitt & Shternin 2018
5‘400 | SAX J1808.4-3658 SAX J1808.4-3658
' 1. Very efficient (
2. Strong influence of
200 .
 FQUD neutron superfluidity
L protons : N L protons : N E .
| neutrons : SfTTav | neutrons : SIN3LO 3. Broadenlng due to

7.0 7.5 80 85 7.0 75 80 85 chemical reactions
logyo 1 [K] logyg T [K]

- 0000000000000




Instability windows

- LMXB It —TLMXB i
800 F— Exact / -— Exact !
| --- Frozen / || --- Frozen /
| --- Fast || --- Fast
Y , Stellar models:
600_ /// 7 MXBAG59-298 SAE(X‘BE%_(%%O i ° FSUZH EOS
E > * M=15/1.6/1.7 M,
c400 » s SAX J1808.4-3658 Protons:
YIS o strongly superconducting
200} e Bl (SSc)
FSU )I(—TIE J1807-294xTE FSU XTE J1807-294X TE J1e8g ]
L protons :  SSc L protons :  SSc LMXB data:
pewbone N e e BiRely ( see references in
. LMXB . -_._EMXB Kantor, Gusakov & Dommes
L — Exact - — Exact [/
500 | --- Frozen | === Frozen i PRD 2021
- Fast || --- Fast :
Reaction rates:

600+ TR Jo0l-%4 L Ofengeim et al. PRD 2019

= Shear viscosity

SAX J1808.4-3658 SAX J1808.4-3658 Hﬁi JIT5YGR0117498-2924 \; SChmltt & Shternln 2018
J1900.1-2455 I/ ‘\/
XTE J1814-33: Cj\ ]
‘—Km—ﬁnm 2821 ‘%\\
1| Proton superconductivity
has only little impact

400 2y

200 XTE ]17 294)(;[‘]:" 2 y P i XTE J187 294;)(%& 2

L psUolt W FsugH ™

L protons : SSc {} protons :  SSc

neutrons SfT Tav - neutrons SfN 3LO .

7.0 7.5 8.0 8.5 7.0 7.5 8.0 8.5
log,q T | logo 1"

- 0000000000007



- LMXB |[-—LMXB

SO0 —Exact |[—Exact Instability windows
—-- Frozen y --- Frozen
L ——— Fast {1t --- Fast

Stellar models:
« TM1C EOS
« M=1.7/18 Mg

6001

SWIFT J17493 23N

\
SAX J1748.9-2021 N\
1

[Hzl

-

XTE J17556105)17498-2921

HETE J1900.1-2455
B |

SAX J1808.4-3658
-

ol e Protons:

c400 )

- S o s kY e normal (N)
_ IGR J17511-3057 \' ‘4 \ N I/I ]
i NGC 6440 X-2 . ) ° AL NGC 64400 X N ) /
200 _ TMléTE T oy Lt JLT56- 20 //// /// 1l TMléTE )it =g //// ’//, - LMXB data:
protons : N <, {t protons : N <, 1 (see references in
L neutronS‘ . N . . ‘ Only ah neutronS‘ . SfAV].SI . . On]y n Kantor) Gusakov & Dommes
T T T T T T T T T T T T T T 17 ,-\' T T T T T T 1[ T T T T T T T T T T T T T T T T L T T T T i
qon |~ LVXB J/AR — LMXB PRD 2021)
"— Exact i 1 [— Exact |
[--- Frozen - Frozen Reaction rates:
L --- Fast | L --- Fast
Ao Ofengeim et al. PRD 2019
600k top Jo0sot [ IRy 1L IGR 1002915954 r
MXB 1659-298 Aéix-lli‘ 48:27 0 \\ MXB 1659-298 S\h\\gﬂ' 42:22 \ h = = .
el N\ ™ s Shear viscosity:
—_— iy fiTa0a-2s0% SWIFT Jafw.sTfsor . .
S I \ 5 100/ Schmitt & Shternin 2018
$X 337fi8.0-2021 \ SAX J1748-2 \
5400 | SAX J1808.4-3658 XTE 175 1o 7iffs 2091 \\\ . | SAX J1808.4-3658 STE 7511105 92}’ \\
c HELE J190071£2455 \ \\ HETE J1900.1-2455 | /
I XJE .Jlsul 3 '/ \\\ \\\_ I XJE J1814-338 ,’I "I . .
e — YN\ N 1. TM1C requires higher
’I II GR J17511-3057 \ % 1L [(Hf{ ]'i: 1-3057
200 e élx fo J1756-250 9 Ar R s\\-if'rjl bR Imasses than FSUZH
i XTE TTS020CTE 10920 o[ /// ///’ i XTE TR | . 7] .
IMIC IMIC 2. Peculiar shape
- protons : N 2 {rprotons : N z 1
L neutrons : SfTTav only 7, - neutrons : SEIN3LO only 7
6.5 7.0 7.5 8.0 8.5 7.0 7.5 8.0 8.5

log,q T [K] logyg T [K]




Instability windows

Stellar models:
« TM1C EOS
« M=1.7/18 Mg
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Conclusions

* We considered instability windows of relativistic r-modes in hyperonic stars
* We estimated the influence of nucleon pairing effects on the instability windows
* We investigated the importance of accounting for the effect of chemical reactions

on the adiabatic index

* Proton superconductivity weakly affects instability windows

* Neutron superconductivity strongly suppresses dissipation through bulk viscosity
at sufficiently low temperatures

* Accounting for the effect of chemical reactions on the adiabatic index slightly
broadens the instability windows

Under reasonable physical conditions,
bulk viscosity may serve as an extremely efficient dissipative mechanism,
capable od stabilizing r-modes in LMXBs!
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On accounting for strong reactions in adiabatic index

Strong chemical reactions weakly affect the adiabatic index

[Figure 3 from Gusakov et al. 20
T ' i R ! ' ' L

14]

4.0

Solid lines (v¢): all chemical processes are frozen (including strong ones)

Dashed lines (vpartfr): frozen weak reactions and extremely fast strong reactions
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