
First Order Phase Transition From Hyper 

Nuclear Matter to

Deconfined Quark Matter

Mahboubeh Shahrbaf  Motlagh
Collaborators: David Blaschke, Ana Gabriela Grunfeld , Hamid Reza Moshfegh

Helmholtz International Summer School(HISS 2019) 

«Quantum Field Theory at the Limits: From Strong Fields to Heavy Quarks»

25 Jul. 2019-JINR-Dubna



2

The number of nucleons is 
supposed to be infinite

Coulomb interaction is 
disregarded because of the strong 

interaction between nucleons

The density of nuclear matter is 
supposed to be finite

𝜌 = lim
𝑁,𝑉→∞

𝑁

𝑉

Nuclear 

Matter
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𝝆𝟎(𝒇𝒎
−𝟑) 0.1748

ൗ𝑬𝟎
𝑨(𝑴𝒆𝑽) −𝟏𝟓. 𝟓𝟖

𝑬𝒔𝒚𝒎(𝑴𝒆𝑽) 39.9

𝑲𝟎 295.77

M. Baldo, G. F. Burgio, and H. J. Schulze, Physical 

Review C 61, 055801 (2000) 
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For   PSRJ0740+6620

𝑀𝑚𝑎𝑥 = 2.17−0.10
+0.11𝑀⊙

for the binary neutron star 

merger GW170817

R(1.6𝑀⊙) > 10.7 km 

&

R(1.4𝑀⊙) < 13.6 km
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Hyperon Puzzle
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Phase Transition From Hyper Nuclear Matter to Deconfined 

Quark Matter as a Solution to the Hyperon Puzzle

Initiation of  a new collaboration that joins different domains of state-of-
the-art expertise

LOCV

For hadronic phase 

nl-NJL

For quark phase
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𝐻𝑎𝑚𝑖𝑙𝑡𝑜𝑛𝑖𝑎𝑛 𝑜𝑓 𝑛𝑢𝑐𝑙𝑒𝑎𝑟 𝑚𝑎𝑡𝑡𝑒𝑟 ∶ 𝐻 = σ𝑖
𝑃𝑖

2

2𝑚𝑖
+ σ𝑖≠𝑗 𝑉(𝑖𝑗)

Trial wave function :      𝜳 𝟏…𝑨 = 𝑭 𝟏…𝑨 𝜱 𝟏…𝑨

𝑬 = 𝑯 =
𝟏

𝑵

𝜳 𝑯 𝜳

𝜳 𝜳
= 𝑬𝟏 + 𝑬𝑴𝑩 ≅ 𝑬𝟏 + 𝑬𝟐

LOCV method
Lowest Order Constrained Variational method 

A pure variational method in configuration space 

Generalized to finite temperature

Calculation of correlation functions 

Using both central and  tensor correlation functions 

Energy per baryon and correlation functions are state-dependent

Using normalization condition as the only constraint 

Characteristics
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nl-NJL model
Nonlocal Nambu–Jona-Lasinio model

nonlocal covariant extension of the NJL model 

quark fields interact via nonlocal (momentum 
dependent) vertices 

Nonlocal interactions regularize the model in such 
a way there is not need to introduce sharp cutoffs

Characteristics

G.A. Contrera, A. G. Grunfeld and D. Blaschke, EPJ A  52 (2016)

nl-NJL 

model

Constant coefficients (model A) 

density-dependent coefficients 

(model B) 
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First Order Phase Transition (PT) by a Maxwell construction

µH = µQ = µ𝑐
TH = TQ = T𝑐

P𝐻(µB,µe) = P𝐻(µB,µe) = p𝑐
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Model A
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Model B
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Symmetric Matter

Main results:
1. Model A : PT in Symmetric matter for η<0.09 while for this cases there is no PT in CS matter

2. Model B : PT in both CS matter and symmetric matter for set 1

3. We have a large difference in critical density for the onset of deconfinement in CS matter and

symmetric matter. Onset density for CS matter lies at n=0.38 𝑓𝑚−3 while for symmetric matter it

is at n=0.95 𝑓𝑚−3.
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Thank you
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𝒇 𝒊𝒋 = 

𝜶.𝒑=𝟏

𝟑

𝒇𝜶
𝒑
(𝒊𝒋)𝑶𝜶

𝒑
(𝒊𝒋)

𝜶 = 𝑱, 𝑳, 𝑺, 𝑻, 𝑻𝒛

𝑝=1 𝑓𝑜𝑟 𝑠=0

𝑠=1 𝑤𝑖𝑡h 𝐿=𝐽

𝑝=2,3 𝑓𝑜𝑟 𝑠=1 𝑤𝑖𝑡h 𝐽=𝐿±1

𝑶𝜶
𝒑
(𝒊𝒋)= 1,

𝟏

𝟔
𝑺𝟏𝟐 + 𝟒𝑷𝒕 ,

𝟏

𝟔
𝟐𝑷𝒕 − 𝑺𝟏𝟐

𝑆12 = 3 𝝈1. Ƹ𝑟 𝝈2. Ƹ𝑟 − 𝝈1. 𝝈2

LOCV Method:Lowest Order 

Constrained Variational  Method
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𝜳 𝜳 = 𝟏 −

𝒊𝒋

𝒊𝒋 𝑭𝒑
𝟐 − 𝑭𝟐 𝒊𝒋 − 𝒋𝒊 ∶ 𝝌 =

𝟏

𝑵


𝒊𝒋

𝒊𝒋 𝑭𝒑
𝟐 − 𝑭𝟐 𝒊𝒋 − 𝒋𝒊 = 0

𝑬𝟐 = 𝒅𝒓 𝑮 𝒇′
𝟐
𝒓 + 𝑺 𝒇 𝒓 − 𝝀 𝒇 𝒓 = 𝒅𝒓𝑳 𝒇′ 𝒓 , 𝒇 𝒓 , 𝜹𝑬𝟐 = 𝟎

𝝏𝓛

𝝏𝒇
−

𝝏

𝝏𝒓

𝝏𝓛

𝝏𝒇′
= 𝟎

ቤ ۧ𝒊𝒋 = ฬ 𝒌𝟏, Τ
𝟏
𝟐 ,𝒎𝝈𝟏

,
𝟏

𝟐
,𝒎𝝉𝟏 , 𝒌𝟐, Τ

𝟏
𝟐 ,𝒎𝝈𝟐

,
𝟏

𝟐
,𝒎𝝉𝟐

The only constraint in LOCV 

method is renormalization 

condition of wave functions

H. Moshfegh and M. Modarres, Journal of Physics G: Nuclear and Particle Physics 24, 821 (1998)

𝑭𝑷= 𝟏 −
𝟗

𝟐

𝑱𝒍(𝑲𝒇𝒓)

𝑲𝒇𝒓

𝟐 −
𝟏

𝟐

𝑻𝒛 = ±𝟏

𝟏 𝑻𝒛 = 𝟎


