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•Pulsar is produced inside massive stars after SN
SN occurs due 
to gravitational 
energy release 
when nuclear 
power cannot 
stand against 
gravity.

Can  tell us what the nature is?

Pulsar:

Neutron star or Strange star?
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“… The successful use of Yang-Mills theory to describe 

the strong interactions of elementary particles depends on a 

subtle quantum mechanical property called the "mass gap": 

the quantum particles have positive masses, even though 

the classical waves travel at the speed of light. …”

The strong interaction at low-

energy scale is related to one of 

the Millennium Problems.

The nature of

“neutron star”:
Energy scale ~ 0.4 GeV < 1 GeV

(~0.5 fm) pc ~ c ~ 200 MeV·fm

NQCD!

Why our baryonic 

matter with 2-flavor

(rather than 1- or 3-) 

symmetry? Strange Matter

Anthropic principle?



•Different models of pulsar’s nature in the market

conventional 
Neutron Star

light flavour symmetry: 
Strange Star

Strange stars: SQS vs. SQcS
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•2-f micro-nucleus VS 3-f macro-nucleus

proton
neutron

f = 2 f = 3

u
u d

u
d d u

s d

du

s

Macro-nucleus: condensed matter of quark-clusters! 

~ fm > c ~ 103fm

Quantum gas/liquid? Classical solid?!
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•通俗：脉冲星就是“三味大原子核”

 “两味小原子核”：熟知的微观原子核

 “两味大原子核”：发展成“中子星”

 “三味大强子”：“奇异夸克星”

 “三味大原子核”：“奇异夸克集团星”

•学名：脉冲星是“奇异夸克集团”凝聚体
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Xu (2008)
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•To distinguish models by Observations?

Strange stars: SQS vs. SQcS



•Questions related to neutrino of JUNO

 Can one reproduce SN1984A’s  with SQcS?

 What’s the difference?

 -observational test: CCSN? DSNB?

Strange star &  http://www.phy.pku.edu.cn/~xurenxin/ R. X. Xu

Strange stars: SQS vs. SQcS

To test SQcS models by SN neutrinos
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R. Buras, M. Rampp, H.-Th. Janka, K. Kifonidis, 2003, PRL90, 241101
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Low baryon 
contamination!

Chen, Yu & Xu (2007, ApJ, 668, L55)
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•Photon-driven supernova in strange star model?
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•Thermal evolution of strange quark-cluster star

Yu & Xu (2011, APh, 34, 439)



-emissivity of strange quark-cluster star
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•Total inner energy U of an SQcS:

𝑈 = (𝑈𝛾+𝑣 + 𝑈sc + 𝑈𝑒+ 𝑈𝜋) ~10
53erg

对于光子𝛾和中微子𝑣，在原奇异星内部，其能量密度
近似于黑体谱形式，分别为

4𝜎 𝛾

𝑐
𝑇4和

4𝜎 𝑣

𝑐
𝑇4，取奇异

星半径106cm，初始温度1011𝐾，量级上可以估算出
𝑈𝛾+𝑣~10

48erg，该项对星体内能贡献也可以忽略。

𝑈𝜋 = 3 
0

∞ 4𝜋𝑉

ℎ3
𝑝2

𝜀

𝑒
𝜀−𝜇
𝑘𝑇 − 1

𝑑𝑝

𝑈sc = 𝑁sc
3

2
𝑘𝑇



0 10 20 30 40 50 60 70 80 90 100
10

49

10
50

10
51

10
52

10
53

T (MeV)

U
 (

e
rg

)

U
sc

U
π

-emissivity of strange quark-cluster star

Strange star &  http://www.phy.pku.edu.cn/~xurenxin/ R. X. Xu

•Comparison between Usc and U
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•Neutrino emissivity of an SQcS

𝑳 = 𝑳𝒗.𝒔+ 𝑳𝒗.𝒃+ 𝑳𝛾
𝐿𝑣.𝑠 = 4𝜋𝑅2𝜎 𝑣𝑇4是热辐射的中微子光度，表现出黑体辐射特
性，因此用黑体辐射计算处理：

𝜖𝑣 = 𝑠 ∙
8𝜋𝑣2

𝑐3
∙
ℎ𝑣

𝑒
ℎ𝑣
𝑘𝑇 + 1

对全部中微子， s = 6

𝑅𝑣 =
𝑐

4
𝜖𝑣

𝑅 =  
0

∞

𝑅𝑣𝑑𝑣

𝜎 𝑣 = 14.88W/(cm
2∙ s ∙ k4)

P. J. Walsh &C. F. Gallo在1980年的一篇文章“Thermodynamic 
laws of neutrino and photon emission”也有类似的处理。



-emissivity of strange quark-cluster star
𝐿𝑣.𝑏 = 4𝜋𝑅

2𝑙 ∙ 𝑄𝑣，𝑙是中微子在星体内部不透明的平均自由程，计
算过程中，粑粒子——奇异粒子采用重核模型处理（Tubbs.D.L, 
ApJ,1975）。 𝑄𝑣是中微子在高温下对反应产生的出射率，引用Itoh
et.al (1989)的计算结果。其中𝑙计算过程为

𝜎 𝑣. 𝑠𝑐 =
1

32
𝜎0𝐴

2
𝐸𝑣
𝑚𝑒𝑐

2

2

奇异粒子A可取2—6， 𝑙 =
1

𝑛𝑠𝑐∙𝜎 𝑣.𝑠𝑐
~103cm
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•Cooling of strange quark-cluster star

固化之前：−
𝒅𝑼

𝒅𝒕
= 𝑳𝒗.𝒔+ 𝑳𝒗.𝒃+ 𝑳𝛾

液固相变： (𝑳𝒗+ 𝑳𝜸) ∙ 𝒕 = 𝑼(𝑻𝒎)，𝑇𝑚：溶解温度

固化之后：−𝑪𝒗
𝒅𝑻

𝒅𝒕
= 𝑳𝒗.𝒔+ 𝑳𝒗.𝒃+ 𝑳𝛾

注意：演化后期冷却过程主要由奇异

夸克集团热容主导，因此𝑪𝒗代表结晶

固化后的奇异夸克集团晶格热容，采

用德拜模型计算。
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•Supernova neutrino burst: SN1987A
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IMB

Baksan

Stage Ⅰ: rapid cooling
Stage Ⅱ : slow cooling
Stage Ⅲ : cut off

对于超新星中微子，平均能
量与温度对应关系为

𝐸𝑣 = 3.15𝑇

(Vissani F,J.Phys.G:Nucl.Part.Phys,2014)
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•Can one reproduce SN1987A in SQcS model?
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𝑀1 = 1.4𝑀⨀，𝑅1 = 10km

其中Ⅰ、Ⅱ、Ⅲ分别对应中微子暴

的三个阶段。T0 = 40 MeV.
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红线表示的是
Pons.J.A,Reddy.S在
1999年的计算的普通

中子星模型初期的热
演化过程，具体参考
“Evolution of proto-
neutron stars”
（ Pons.J.A,Reddy.S ,Ap
J,1999）

触发率（trigger rate）
在10−2~10−3Hz之

间，毫秒时间段内
探测器不易响应。 Kamiokande Ⅱ、IBM、

Baksan三个探测器在世
界时（UT）上时间同步
误差分别是±1min、
±50ms、 ±2s
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•Can one reproduce SN1987A in SQcS model?
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Conclusions

•We can reproduce SN1987A’s neutrino burst 

in SQcS model.

•There is a neutrino cutoff in our model, 

relevant to the melting temperature of SQcS, 

that could be tested by either CCSN or DSNB 

with future advanced neutrino observatories.

THANKS!
Strange star &  http://www.phy.pku.edu.cn/~xurenxin/ R. X. Xu
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