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Stability criterion for 

r-modes

𝝉𝐆𝐖
−𝟏 + 𝝉𝐬𝐡𝐞𝐚𝐫

−𝟏 + 𝝉𝐛𝐮𝐥𝐤
−𝟏 > 𝟎

>
𝟎

>
𝟎

<
𝟎

𝒏𝒑𝒆𝝁 NS:

෩𝑻 ≲ 𝟏𝟎𝟗 𝐊

Τ𝟏 𝝉𝐬𝐡𝐞𝐚𝐫 ≫ Τ𝟏 𝝉𝐛𝐮𝐥𝐤
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Hyperons:

Τ𝟏 𝝉𝐛𝐮𝐥𝐤 𝐇𝐘𝐏 ≫ Τ𝟏 𝝉𝐛𝐮𝐥𝐤 𝐍𝐔𝐂

Stabilization at ෩𝑻 = ?

Stability criterion for 

r-modes

𝝉𝐆𝐖
−𝟏 + 𝝉𝐬𝐡𝐞𝐚𝐫

−𝟏 + 𝝉𝐛𝐮𝐥𝐤
−𝟏 > 𝟎

>
𝟎

>
𝟎

<
𝟎

𝒏𝒑𝒆𝝁 NS:

෩𝑻 ≲ 𝟏𝟎𝟗 𝐊

Τ𝟏 𝝉𝐬𝐡𝐞𝐚𝐫 ≫ Τ𝟏 𝝉𝐛𝐮𝐥𝐤

(Nayyar & Owen’06; Vidana’15)
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Viscosity in Neutron Star Cores
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Shear Bulk

𝝈𝒋𝒌 = 𝜼 𝝏𝒋𝒗𝒌 + 𝝏𝒌𝒗𝒋 − 𝜹𝒋𝒌
𝟐

𝟑
div 𝒗 + 𝜹𝒋𝒌𝜻 div 𝒗

momentum diffusion non-equilibrium reactions

𝒏𝒑𝒆𝝁 NS:

Urca processes

Hyperonic NS:

nonleptonic weak reactions

Σ− + 𝑝 ↔ 𝑛 + 𝑛 Λ + 𝑛 ↔ 𝑛 + 𝑛

rate ∝ 𝑻𝟒…𝟔𝚫𝝁 rate ∝ 𝑻𝟐𝚫𝝁

𝑝 + 𝑒 → 𝑛 + 𝜈𝑛 → 𝑝 + 𝑒 + ෤𝜈,
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Shear Bulk

𝝈𝒋𝒌 = 𝜼 𝝏𝒋𝒗𝒌 + 𝝏𝒌𝒗𝒋 − 𝜹𝒋𝒌
𝟐

𝟑
div 𝒗 + 𝜹𝒋𝒌𝜻 div 𝒗

momentum diffusion non-equilibrium reactions

𝒏𝒑𝒆𝝁 NS:

Urca processes

Hyperonic NS:

nonleptonic weak reactions

Σ− + 𝑝 ↔ 𝑛 + 𝑛 Λ + 𝑛 ↔ 𝑛 + 𝑛

rate ∝ 𝑻𝟒…𝟔𝚫𝝁 rate ∝ 𝑻𝟐𝚫𝝁

𝑝 + 𝑒 → 𝑛 + 𝜈𝑛 → 𝑝 + 𝑒 + ෤𝜈,
effective at 

low 𝑻
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Hyperonic NS: modern composition
𝒏, 𝒑, 𝒆, 𝝁, 𝚲, 𝚵−, …

Gusakov, Haensel, & Kantor 2014

Fortin+2017

Raduta, Sedrakian, & Weber 2018

Nonleptonic Reactions 

(𝚫𝐒 = 𝟏)

Λ + 𝑝 ↔ 𝑛 + 𝑝

Λ + 𝑛 ↔ 𝑛 + 𝑛

Λ + Λ ↔ 𝑛 + Λ

Ξ− + 𝑝 ↔ Λ + 𝑛

Λ + Ξ− ↔ 𝑛 + Ξ−
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Hyperonic NS: modern composition
𝒏, 𝒑, 𝒆, 𝝁, 𝚲, 𝚵−, …

Gusakov, Haensel, & Kantor 2014

Fortin+2017

Raduta, Sedrakian, & Weber 2018

Nonleptonic Reactions 

(𝚫𝐒 = 𝟏)

Λ + 𝑝 ↔ 𝑛 + 𝑝

Λ + 𝑛 ↔ 𝑛 + 𝑛

Λ + Λ ↔ 𝑛 + Λ

Ξ− + 𝑝 ↔ Λ + 𝑛

Λ + Ξ− ↔ 𝑛 + Ξ−
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never considered before in NSs
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Reaction Rates

𝚪𝟏𝟐→𝟑𝟒 =
𝟏

𝟐𝝅 𝟖𝑺
නෑ

𝒊=𝟏

𝟒
𝒅𝟑𝒑𝒊
𝟐𝒎𝐋𝒊

∗ 𝜹
𝟒 𝒌𝟏 + 𝒌𝟐 − 𝒌𝟑 − 𝒌𝟒 ×

× ෍

𝐬𝐩𝐢𝐧𝐬

𝓜𝒇𝒊
𝟐
𝒇𝟏𝒇𝟐 𝟏 − 𝒇𝟑 𝟏 − 𝒇𝟒

𝟏 𝟑

𝟐 𝟒

𝓜𝒇𝒊

Strongly degenerate matter + RMF approach:

𝒌𝒊
𝟎 = 𝝁𝒊, 𝝍𝒊 =

𝒖𝒊

𝟐𝒎𝐋𝒊
∗
𝒆𝒊𝒌

𝝁𝒙𝝁

𝑓𝑖 =
1

𝑒
𝜖−𝜇𝑖
𝑘𝑇 + 1

𝒌𝒊 = 𝒌𝐅𝒊

Landau eff. massDirac eff. mass

෍

𝐬𝐩𝐢𝐧

𝒖𝒊ഥ𝒖𝒊 = 𝒎𝐃𝒊
∗ + 𝜸𝟎𝒎𝐋𝒊

∗ − 𝜸 ⋅ 𝒌𝒊

known for RMF EoSs
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Reaction Rates: Matrix Element

Λ + 𝑝 ↔ 𝑛 + 𝑝

Λ + 𝑛 ↔ 𝑛 + 𝑛

Λ + Λ ↔ 𝑛 + Λ

Ξ− + 𝑝 ↔ Λ + 𝑛

Λ + Ξ− ↔ 𝑛 + Ξ−

𝑀 = 𝜋

𝑀 = 𝜋

𝑀 = 𝐾

𝑀 = 𝜋

𝑀 = 𝜋

𝟏 𝟑

𝟐 𝟒

𝑴

weak

strong

𝟏 𝟑

𝟐 𝟒

Λ + 𝑝 ↔ 𝑛 + 𝑝

Ξ− + 𝑝 ↔ Λ + 𝑛

weak contact one-meson exchange

(no ‘𝒅𝒔’ weak current)
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Reaction Rates: Matrix Element

Λ + 𝑝 ↔ 𝑛 + 𝑝

Λ + 𝑛 ↔ 𝑛 + 𝑛

Λ + Λ ↔ 𝑛 + Λ

Ξ− + 𝑝 ↔ Λ + 𝑛

Λ + Ξ− ↔ 𝑛 + Ξ−

𝑀 = 𝜋

𝑀 = 𝜋

𝑀 = 𝐾

𝑀 = 𝜋

𝑀 = 𝜋

≪
van Dalen & 

Dieperink’04

𝟏 𝟑

𝟐 𝟒

𝑴

weak

strong

𝟏 𝟑

𝟐 𝟒

Λ + 𝑝 ↔ 𝑛 + 𝑝

Ξ− + 𝑝 ↔ Λ + 𝑛

weak contact one-meson exchange

(no ‘𝒅𝒔’ weak current)
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Reaction Rates: Matrix Element
𝟏 𝟑

𝟐 𝟒

𝑴

weak

strong

Λ + 𝑝 ↔ 𝑛 + 𝑝

Λ + 𝑛 ↔ 𝑛 + 𝑛

Λ + Λ ↔ 𝑛 + Λ

Ξ− + 𝑝 ↔ Λ + 𝑛

Λ + Ξ− ↔ 𝑛 + Ξ−

𝓜𝒇𝒊 = 𝑮𝐅𝒎𝝅
𝟐 ⋅ ഥ𝒖𝟑 𝑨𝟏𝟑 + 𝑩𝟏𝟑𝜸

𝟓 𝒖𝟏 ⋅ 𝑫𝑴 ⋅ ഥ𝒖𝟒 𝒈𝟐𝟒𝜸
𝟓 𝒖𝟐 − 𝐞𝐱𝐜𝐡.

weak

strong
𝑫𝑴
−𝟏 = 𝒌𝟏 − 𝒌𝟑

𝟐
+ ෥𝒎𝑴

𝟐 ,

෥𝒎𝑴
𝟐 = 𝒎𝑴𝐛𝐚𝐫𝐞

𝟐 + 𝚷− 𝝁𝟏 − 𝝁𝟑
𝟐 > 𝟎

this talk: ෥𝒎𝑴 = 𝒎𝑴𝐛𝐚𝐫𝐞
avoid meson condensation
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Reaction Rates: Results
𝚫𝚪𝟏𝟐↔𝟑𝟒 = 𝚪𝟏𝟐→𝟑𝟒 − 𝚪𝟑𝟒→𝟏𝟐 = 𝝀𝟏𝟐↔𝟑𝟒 𝝁𝟏 + 𝝁𝟐 − 𝝁𝟑 − 𝝁𝟒

𝝀𝟏𝟐↔𝟑𝟒 =
𝟏. 𝟕 × 𝟏𝟎𝟒𝟓

𝐞𝐫𝐠 𝐜𝐦𝟑 𝐬
⋅
𝒌𝐦𝐚𝐱 − 𝒌𝐦𝐢𝐧

𝟑𝝅𝟐𝒏𝟎
Τ𝟏 𝟑
𝑻𝟖
𝟐 ⋅ 𝓦𝟏𝟐↔𝟑𝟒

𝒌𝐦𝐚𝐱 = 𝐦𝐢𝐧 𝒌𝐅𝟏 + 𝒌𝐅𝟑, 𝒌𝐅𝟐 + 𝒌𝐅𝟒

𝒌𝐦𝐢𝐧 = 𝐦𝐚𝐱 𝒌𝐅𝟏 − 𝒌𝐅𝟑 , 𝒌𝐅𝟐 − 𝒌𝐅𝟒

• may be evaluated analytically

• flat function of 𝝆

𝝀𝟏𝟐↔𝟑𝟒 ≈ 𝝀𝟎𝒙
𝒑𝟏 𝟏 +

𝒙

𝒂

𝒑𝟐
𝒑𝟑−𝒑𝟏
𝒑𝟐

𝒙 =
𝝆

𝝆𝐬𝐭𝐚𝐫𝐭
− 𝟏

Simple fitting formula
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Bulk Viscosity & Reaction Rates

𝐜𝐨𝐧𝐬𝐭 𝑻

𝐯𝐚𝐫 𝑻

𝜻 = 𝜻𝐦𝐚𝐱
𝟐 Τ𝝀𝐭𝐨𝐭 𝝀𝐦𝐚𝐱

𝟏 + Τ𝝀𝐭𝐨𝐭 𝝀𝐦𝐚𝐱
𝟐

𝜻𝐦𝐚𝐱 =
𝒏𝒃
𝟐𝝎

𝝏𝑷

𝝏𝒙𝒔

𝝏𝚫𝝁

𝝏𝒏𝒃

𝝏𝚫𝝁

𝝏𝒙𝒔

−𝟏

𝝀𝐦𝐚𝐱 = 𝝎𝒏𝒃
𝝏𝚫𝝁

𝝏𝒙𝒔

−𝟏

𝑥𝑠 = Τ−𝑛Λ − 2𝑛Ξ 𝑛𝑏

(Lindblom & Owen’02; 

Gusakov & Kantor’08)

no reactions 

⇓
no 𝜻

too fast restoring of 

chemical equilibrum

𝜻 𝑻 𝐚𝐥𝐬𝐨 𝐡𝐚𝐬 𝐚 𝐦𝐚𝐱𝐢𝐦𝐮𝐦
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Bulk Viscosity & Reaction Rates

𝑥𝑠 =
−𝑛Λ − 2𝑛Ξ

𝑛𝑏

• handy analytical fits 𝜻𝐦𝐚𝐱 𝝆
and 𝝀𝐦𝐚𝐱 𝝆 are built

𝝀𝐦𝐚𝐱 ∼ 𝝀𝐭𝐨𝐭 𝑻 = 𝟏𝟎𝟖𝐊

𝜻𝐦𝐚𝐱 =
𝒏𝒃
𝟐𝝎

𝝏𝑷

𝝏𝒙𝒔

𝝏𝚫𝝁

𝝏𝒏𝒃

𝝏𝚫𝝁

𝝏𝒙𝒔

−𝟏

𝝀𝐦𝐚𝐱 = 𝝎𝒏𝒃
𝝏𝚫𝝁

𝝏𝒙𝒔

−𝟏

• non-equilibrium 

thermodynamic derivatives

• ↔ 𝐋𝐚𝐧𝐝𝐚𝐮 𝒇𝒊𝒋
𝟎

derivable for RMF EoSs
(Gusakov, Haensel, & Kantor’14)
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Instability Window with Hyperons

𝝉𝐆𝐖
−𝟏 + 𝝉𝐬𝐡𝐞𝐚𝐫

−𝟏 + 𝝉𝐛𝐮𝐥𝐤
−𝟏 > 𝟎

Stabilized ෩𝑻 < than in 

Nayyar&Owen’06

Reasons:

• different EoS

• more reactions

• OME channel

• pairing off 
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Instability Window with Hyperons
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Instability Window with Hyperons

normal 𝒑, 𝚵− DURCA cooling ෩𝑻 ∼ 𝟏𝟎𝟖 𝐊 is too hot
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Including Pairing

Λ + 𝑝 ↔ 𝑛 + 𝑝

Λ + 𝑛 ↔ 𝑛 + 𝑛

Λ + Λ ↔ 𝑛 + Λ

Ξ− + 𝑝 ↔ Λ + 𝑛

Λ + Ξ− ↔ 𝑛 + Ξ−
𝝀 → 𝟎

(e
.g

. 
S

e
d

ra
k
ia

n
&

 C
la

rk
’1

8
)

𝝀𝒊 → 𝝀𝒊𝑹𝒊
𝑻

𝑻𝒄𝒏

𝒑, 𝚵−: 𝑻𝒄 ≳ 𝟏𝟎𝟗𝐊

𝒏: 𝑻𝒄 ∼ 𝟏𝟎𝟖𝐊

𝚲: 𝑻𝒄 ≲ 𝟏𝟎𝟖𝐊
‘Nagara event’ (Takahashi+’01)

Takahashi+’08
adopt all 𝚲 normal

moderately paired 𝒏 with some 𝑻𝒄 𝒏 𝒏𝒏

𝑹 𝟏𝒏 is known
(Haensel, Levenfish, 

& Yakovlev’02)

𝑹 𝟑𝒏 is calculated 

in this work

(cf. Nayyar&Owen’06: 𝑇𝑐𝑝 → 0 in centers of high-M NSs)

adopt all 𝒑, 𝚵− strongly paired
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Hyperons + Pairing

• 𝒑, 𝚵− off

DURCA cooling

• still explain some points
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Conclusions
• The bulk viscosity of the hyperonic NS cores is calculated self-

consistently for several modern EoSs; all reactions for the 𝒏𝒑𝒆𝝁𝚲𝚵−

composition are considered

• At least several LMXB’s can be explained by the hyperonic bulk

viscosity even within conservative pairing models

• The reactions with neutral particles (𝚲𝒏 ↔ 𝒏𝒏 and 𝚲𝚲 ↔ 𝒏𝚲) are

especially important for the r-mode instability window calculations

• Handy analytical fits for the reaction rates and the bulk viscosity are

given; they are approximately valid for a number of EoS models

Further work
• more pairing reduction factors

• superfluid hydrodynamics

• fits for pairing reduction factor

• detailed effective pion mass

• more calibrated EoSs
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Thank you!
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Effect of pion mass renormalization


