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Abstract 

The dipole polarizability ‘ D ’ and isovector giant dipole resonance energy constant (IVGDR) ‘D‘ are 

analyzed using Droplet Model (DM)in finite range effective interaction for two different splitting of exchange 

strength parameters  2/ex

l

ex EE   and 2/ex

ul

ex EE  where Eex is the exchange parameter of the interaction. 

The role of density derivatives of symmetry energy and neutron skin thickness on D  is studied and it is found 

that the value of D is 24.10 fm
3
and 26.43 fm

3 
for

l

exE  and
ul

exE respectively. Also using finite range effective 

interaction, we have studied the IVGDR energy constant D  for 
208

Pb and found the range of D  is 77.6 − 80.6 

MeV. In the range of calculated D , the neutron skin thickness S  of  
208

Pb  for two different splitting of 
l

exE  

and 
ul

exE is found almost same and the deviation for two parameter sets is about 0.02 fm.  

Keywords: Neutron skin thickness; nuclear symmetry energy; droplet model; equation of state;Dipole 

polarizability; Dipole resonance. 
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I. Introduction 

The density-dependent symmetry energy is a key ingredient for the study of many aspects of 

astrophysics and nuclear physics in both theoretical and experimental fields. But we cannot measure the 

fundamental quantities like the nuclear symmetry energy directly. So it is very essential to gather some 

measurable observables to extract information about the fundamental quantity. A useful method discussed in 

literature [1, 2, 3, 4] to identify the role of the symmetry energy and to provide constraints on its density 

dependence is based on the study of the correlations between different observables. The isovector giant dipole 

resonance (IVGDR), dipole polarizability & neutron skin thickness ( S ) are supposed to be very sensitive 

indicators which can be used to study the symmetry energy [5]. 

Several experiments were performed to constrain these various kinds of observables. The Lead Radius 

Experiment (PREX) was an attempt to find the neutron skin thickness of 
208

Pb and suggested the value of 
16.0

18.033.0 

S  fm [6] which was modified by another experiment, PREX-II to reduce the uncertainty to 0.06 

fm [7] and Adhikari et al. proposed that the skin thickness of 
208

Pb is 0.283±0.071 fm [8]. On the other hand, 

using covariance analysis of SKM functional limits the neutron skin thickness value of 
208

Pb was 
025.0

021.0156.0 

S  fm  [9]. Using the nuclear droplet model (DM)  [10, 11] and finite range effective interaction 

we calculated the neutron skin thickness S in two different channels and we find 0.11fm< S <0.23fm  [12]. 

      The isovector giant dipole resonance (IVGDR) is one type of oscillation mode in which neutrons 

and protons move collectively relative to each other. The properties of IVGDR depend on the nuclear symmetry 

energy is a well-established fact [9]. Correlations with different collective excitation modes such as the IVGDR 

may also put some constraints on the density dependence of the nuclear symmetry energy. D. Behera et al. [16] 

showed that the IVGDR energy constant D  can be expressed as D =73.833+0.538
2
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 Aasym  is the symmetry energy coefficient and using this relation they calculate the quantity t=0.202fm 

which is the distance between the neutron and proton mean surface location, an important parameter of skin 

thickness S . Therefore, it is very important to study the IVDGR energy constant through our splitting channel 

and find a relation between skin thickness and D . 

        Using finite range effective interactions we have successfully explained the various  nuclear matter (NM) 

properties like momentum and density dependence of the mean-field, variation of symmetry energy with 

nucleon density [17], the neutron-proton-electron-muon matter called npeμ -matter at β-equilibrium, the study 

of neutron skin thickness of finite nuclei  [12, 14], variation in neutron and proton effective mass splitting, 

neutron star mass-radius relation  [18] etc. 

This paper is presented in the following way. First, we represent our interaction form and fix the 

parameters set using a finite range effective interaction in sec.2. We have derived the dipole polarizability and 

found the relationship with different symmetry energy parameters in Sec. 2.1. In Sec. 2.2, we have discussed the 

correlation of dipole resonance with neutron skin thickness. We also compare the neutron skin thickness results 

in different approaches in sec. 2.3. Finally, we have presented our conclusions in Sec. 3. 

 

II. Interaction and parameter fixation 

We have used a simple finite-rage effective interaction in this work in a non-relativistic manner and the 

potential is defined as  [15, 19]

  
 

    ,
13

1
6

3

0
1

0
)( rfPPMPHPBWr

Rb

R
Px

t

rPxtr
eff

V 






 

































































 

                                                                                                                                               (1) 

In which  rf  represents a short-range interaction of Yukawa form with single range parameter  ,   = n

+ p is total nucleon density, 0t , 3t , x0, x3, γ, W, B, H, M are adjustable parameters related to the strengths of 

all the possible combinations of the spin and isospin exchange operators [14], 21 rrr


 and 
2

21 rr
R

 
 . 

The effective interaction is very likewise to the Skyrme-type of interactions except for that the terms 1t  and 2t  

are in the latter case have been replaced by the short-range interaction 

 PPMPHPBW    rf . The replacement is essential to ensure a description leading 

to vanishing exchange interaction between a pair of nucleons of very large relative momenta. 
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P  are the spin and isospin exchange operators respectively. The 

energy density of the asymmetric nuclear matter (ANM) derived from this effective interaction can be written as 

[15], 
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where n  and p are neutron and proton densities respectively and the total nuclear density   = n + p . 

  pnkf ,  is the single-particle momentum distribution function normalized to the local density

 kdkf 3)( .  

 At zero temperature )(kf  is described by a step function 
 

)(
2

)(
3

kk
g

kf f  


, where g is the spin-

isospin degeneracy factor and 
3

1

2

2
3







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




 


k f is the Fermi momentum.  'kkgex   is the normalized 

Fourier transform of the short-range interaction  rf  and for Yukawa form of functional  rf  it is explicitly 

given as  

 

2

2
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kk
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.                                                                                                                                                                                            

The parameters
l

E0 ,
ul

E0 , 
l

E , 
ul

E , 
l

exE and 
ul

exE  are related to the interaction parameters as given in 

Ref.  [20].  Here we express Eq. 2 considering both neutron and proton densities which is slight different from 

Eq. 35 of Ref. [15].              

            To calculate the neutron-proton mean-field properties, we require the correct splitting of the parameters 

like  ull
EE 00  ,  ull

EE     and  ul

ex

l

ex EE   into two some specific channels for interactions between 

like and unlike nucleons  [15].  
ull

EEE 000  , 
ull

EEE   , 
ul

ex

l

exex EEE  . 

In the same range, we have divided two different sets of strength parameters for the exchange interaction, and 

the values of all the parameters are listed in table 1. 

      A1)
2

exl

ex

E
E  , A2) 

2

exul

ex

E
E  .                                                                                       (3) 

 

Table 1:  Sets of interaction parameters 
Set l

exE
(MeV)

 
ul

exE
(MeV)

 

l
E

(MeV)
 

ul
E

(MeV)
 

l
E0

(MeV)
 

ul
E0

(MeV)
 

3t (MeV)
 

    
(fm-1 ) 

A1 - 129.599 -129.599 127.255 255.866 - 112.5 - 199.7 13270.998 0.181 2.363 

A2 - 129.599 -129.599 127.255 255.866 - 23.67 - 288.53    

 

2. 1 Electric dipole polarizability 
 

Using the droplet model (DM) approach of Myers and Swiatecki [11] the dipole polarizability 
DM

D  is given by 

 
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  ,                                                   (4) 

 

This equation was first derived by Meyer, Quentein and Jenning [21] . Here <r
2
> is the mean square radius of 

the nucleus, A is the nucleus mass number, Q  is the surface stiffness coefficient, 0 =0.161 fm
-3

 is the normal 

nuclear matter density at zero kelvin which indicates the resistance of neutrons against being separated from 

protons.   
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Using finite range effective interaction we have calculated the value of dipole polarizability for both the 

splitings of  
l

exE  and 
ul

exE . It is found that for 
2

exl

ex

E
E  , corresponding to the slope of symmetry energy L

= 41.38 MeV the value of dipole polarizability D =23.01 fm
3
 and for 

2

exul

ex

E
E  , corresponding to the slope 

of symmetry energy L = 75.204 MeV the value of dipole polarizability D =26.90 fm
3
. We can express dipole 

polarizability in terms of skin thickness as, 

  







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




2
0

22
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54 rI
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E

rAe

sym

DM

D



 .                                                     (5) 

The dipole polarizability 10
-2

D  0symE  is plotted as a function of S  for 
208

Pb (0.12fm < S <  0.34 fm) for 

finite range effective parameters [24, 25] in Fig.3.A linear increasing trend of 10
-2

D  0symE with S  is 

observed and the result is consistent with other studies [13, 27-28]. 

It is found that for 
2

exl

ex

E
E  , the value of dipole polarizability D =23.10 fm

3
 corresponding to the skin 

thickness S =0.13 fm and for 
2

exl

ex

E
E  , the value of dipole polarizability D =26.10 fm

3
 corresponding to 

the skin thickness S =0.21 fm for
2

exul

ex

E
E  . It is further observed that the values of D  for both the 

splitting of our interaction obtained from the correlation between dipole polarizability with the slope of 

symmetry energy L  as well as with the neutron skin thickness S consistent with each other. The values of both 

the splitting are listed in table 2 with their corresponding values of L  and S .  

 
Fig.1                                                                           Fig.2 

Fig.1.Study of 10
-2

D  0symE as a function of neutron skin thickness S  with the using finite range 

effective interaction. 

Fig.2.Comparison of dipole polarizability corresponding to neutron skin thickness S  for 2/ex

l

ex EE  , 

2/ex

ul

ex EE  , SV, FSU, and DD-ME and their linear fit in the same graph. 

 

The values of dipole polarizability 10
-2

D  0symE obtained by using our interaction corresponding 

to skin thickness S for two different strength parameters are represented in fig.2.rOur results are compared with 

the results obtained from other interactions like DDME, FSU, and SV, which gives the linear fit equation 10
-2

D  0symE =(14.17 ± 8.135) S +(4.426 ± 1.736) MeV fm
3 

 with correlation coefficient, in this case, is r

=0.85.The values of dipole polarizability using the linear fit equation: 
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11.72 fm
3
< D <30.18 fm

3
 for 2/ex

l

ex EE    and   13.41 fm
3
< D <36.69 fm

3
 for 2/ex

ul

ex EE  . 

The values of dipole polarizability D  of 
208

Pb for our interaction obtained by using the correlation with the 

slope of symmetry energy ‘ L ’ at saturation density as well as with the skin thickness ‘ S ’ are listed in table 2. 

 

Table 2: Values of the slope of symmetry energy L , skin thickness S  and dipole polarizability 

D  of 
208

Pb 

 

Interaction L (MeV) 
D  (fm

3
)  S (

208
Pb) 

2

exl

ex

E
E   

    41.38  

  
 

23.01 0.13 fm 

2

exul

ex

E
E   

    75.204 26.9 0.21 fm 

Gogny Model      43 20.1 0.168 fm 

 

2.2.Correlation of neutron skin “ S ” with dipole resonance 

 The dipole response of a heavy nucleus to an externally applied electric field is mostly dominated by the giant 

dipole resonance (GDR) of width 2 − 4 MeV  [16, 26, 27]. Due to excess neutrons in heavy nuclei like 
208

Pb, 

the E1 value is in the range between 9 to 11 MeV [29]. It is well known that nuclear symmetry energy 

dominates the properties of IVGDR to a great extent  [9, 26, 29, 30]. 

There are some correlations of nuclear symmetry energy parameters with pygmy dipole resonance  [31, 32, 33], 

isovector giant dipole resonance [13]and dipole polarizability  [13, 34, 35] as seen in this paper also. 

The IVGDR energy constant D is defined as [37, 39] 

  QAEDD sym /31/ 3
1

0



   ,                                                                                       (6) 

where   2

00

28 mrED sym  .                                                                        

As the 
Q

Esym
 depends on neutron skin thickness S  [40-42] we can find out a relation between the IVGDR 

energy constant D with S.  

We can rewrite Eq. (15) as   
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Expanding the square-bracketed term in powers of 
 0

3
1

3 symE

QA
and retaining up to the 1st order we get 
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Which may be written as 
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We substitute Q  in terms of t and define a constant    cA IIA
mr

B  3
1

2

0

24
for a given nucleus. In eq. 

(15), the leading term is proportional to 
  2

1












t

Aasym
.      

 IVGDR energy constant ‘ D ’ is plotted as a function of slope of symmetry energy ‘ L ’ for 
208

Pb in figure 3 

and as a function of skin thickness S  of 
208

Pb in figure 6 by using finite range effective interaction for both the 

splitting of 
l

exE  and 
ul

exE . In both cases, we used  0symE =30 MeV and 0 =0.161 fm
-3

. 

 
Fig. 3.The variation of IVGDR energy constant D  of 

208
Pb is shown as a function of the density slope 

parameter L  for both 2/ex

l

ex EE  & 2/ex

ul

ex EE  . 

 

From figure 3 we saw a decreasing nature of D  with the increased value of slope parameter for both 

the sets of parameter 2/ex

l

ex EE   and 2/ex

ul

ex EE  . We obtained the IVGDR energy constant for 
208

Pb in 

the range 77.6 MeV− 80.6 MeV by using the Q  values calculated in the present work, which is in close 

agreement with the experimental value D exp ≈ 80 MeV for heavy nuclei. 

 Neutron skin thickness also plays an important role to study the quantity related to symmetry energy 

and its derivatives. So it is an important task to observe the IVGDR energy constant D  of 
208

Pb concerning S  

by using the splitting parameters of our finite range effective interaction.  

 IVGDR energy constant ‘ D ’ is varied as a function of S from 0.16 fm to 0.24 fm in figure 4 and a 

decreasing nature of ‘ D ’ is observed with the increase of ‘ S ’ for both 2/ex

l

ex EE  & 2/ex

ul

ex EE  and 

these results were also found consistent with another study [16]. From the experimental result of IVGDR energy 

constant D , the skin thickness ‘ S ’ of Pb
208 

is found to be 0.16 fm for 2/ex

l

ex EE  & 0.18 fm for 

2/ex

ul

ex EE  . Here we observed that the value of skin thickness for two different splitting of 
l

exE  and 
ul

exE

is almost same and the deviation values of ‘ S ’ for two parameter sets is about 0.02 fm. 



Neutron skin thickness of finite nuclei using finite range effective interaction with dipole properties 

www.irjes.com                                                                                                                                             52 | Page 

 
Fig. 4.the plot of IVGDR energy constant D  of 

208
Pb is as a function of neutron skin thickness S for both 

2/ex

l

ex EE  & 2/ex

ul

ex EE  . 

                   Finally, we studied the IVGDR energy constant D  in 
208

Pb with respect to 
2

1









t

asym
 by using 

finite range effective interaction and is shown in figure 5and an increasing  trend of ‘ D ’ is found with respect 

to 
2

1









t

asym
. From the linear fit in the same graph and we found a linear fit equation D =(61.05+1.68

2

1









t

asym
). Using )(Aasym , with an IVGDR energy constant of 80 MeV, we obtained t  =0.19 fm for 

2/ex

l

ex EE  and t  =0.17 fm for 2/ex

ul

ex EE  . 
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Fig. 5:the variation of IVGDR energy constant D  with the quantity 
2

1









t

asym
 using finite range effective 

interaction and in the same graph we plotted the linear fit for D . 

 

Using the experimental values of IVGDR energy constant D in our interaction we calculated the values of the 

skin thickness S  of 
208

Pb as well as quantity t  in table 3. 

 

Table 3: Values of skin thickness S  as well as quantity t  by using experimental value of D  

 
Interaction 

expD (MeV) t (fm)      S (fm) 

2

exl

ex

E
E   

80 0.19 0.16  

2

exul

ex

E
E   

80 0.17 0.18 

 

2.3. Comparison of neutron skin thickness 

Using finite range effective interaction and DM we calculated neutron skin thickness  [12] of 
208

Pb and 

we found the value of neutron skin thickness, S = 0.13 fm for 2/ex

l

ex EE  , S =0.21 fm for 2/ex

ul

ex EE   

and the deviation between two results is 0.08 fm.  

In this paper, the neutron skin thickness S  is calculated from two dipole properties via electric dipole 

polarizability and dipole resonance vector. In our calculations, we have used simple finite range effective 

interaction of Yukawa form with different splitting channels. 

Using dipole polarizability, we found the neutron skin thickness ‘S’ of  
208

Pbis0.17 fm for 2/ex

l

ex EE  and 

0.25 fm for 2/ex

ul

ex EE  respectively. The deviation of results is within 0.08 fm for two different splitting of 

l

exE and 
ul

exE . 

On the other hand, using IVGDR we obtained the neutron skin thickness of 
208

Pbis 0.16 fm for 2/ex

l

ex EE 

and 0.18 fm for 2/ex

ul

ex EE  respectively. The deviation is observed to be very small for both types of 

splitting, within 0.02fm. 
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So the study of neutron skin thickness can rectify the result and we enlisted our results in Table 4. The results 

are in good agreement with the range of  PREX results [6]. 

 

Table 4: Neutron skin thickness comparison. 
Methods or technique S (fm) of Pb208 

 

Deviation of S in two 

different splitting. 

2/ex

l

ex EE   2/ex

ul

ex EE   

Droplet Model 0.13 0.21 0.08 fm 

Dipole Polarizability 0.17 0.25 0.08 fm 

IVDGR energy constant 0.16 0.18 0.02  Fm 

 

III. Conclusion 

In this paper, we have studied analytically the role of density-dependent EOS on electric dipole 

polarizability and IVGDR constant using a simple density-dependent finite range effective interaction having 

Yukawa form. The calculations are carried out with the Yukawa form of exchange interaction having the same 

range but with different strengths for interactions between two like and unlike nucleons, namely set A1 and A2.  

First, we  have studied the variation of 10
-2

D  0symE with neutron skin thickness S of 
208

Pb and found the 

value of D = 24.10 fm
3
 for 2/ex

l

ex EE   and which is smaller compared to 2/ex

ul

ex EE   for which D = 

26.43 fm
3
. In this case, a linear fit was also drawn and found 10

-2

D  0symE =(14.17 ± 8.135) S +(4.426 ± 

1.736) MeV. 

A decreasing nature of IVGDR constant is observed with the increased value of slope parameter for both the 

sets of parameters.We obtained the IVGDR energy constant for 
208

Pb in the range 77.6 MeV− 80.6 MeV by 

using the Q  values calculated in the present work, which is in close agreement with the experimental value D

exp ≈ 80 MeV for heavy nuclei. We also observed a similar variation of D  with S for both cases anddecreasing 

nature of IVGDR constant is observed with the increased value of slope parameter for both the sets of 

parameters.From the experimental result of IVGDR energy constant D , we also calculated the neutron skin 

thickness S  = 0.16 fm for 2/ex

l

ex EE  & S = 0.18 fm for 2/ex

ul

ex EE  and a very small deviation in the 

values of skin thickness is observed for both the splitting. 

In our study, we have obtained a linear fit D = (61.05+1.68

2
1









t

asym
 ). Using syma  values in our two sets of 

parameters and IVGDR energy constant of 80 MeV, we found t  =0.19 fm for 2/ex

l

ex EE   which is also an 

important factor to study neutron skin thickness. From the results,it is clear that the numerical values of dipole 

polarizability, IVDGR energy constant D  depend not only on the form of interaction but on the density 

dependence of EOS and isospin asymmetry there as well.  

Finally, we have compared neutron skin thickness in different approaches. The deviation of neutron skin 

thickness of two different splitting channels is small in the case of dipole resonance study. From all these 

observations it can be concluded that though there is some uncertainty in results using these data we can modify 

different symmetry energy parameters and there is a way to cross-check the values of certain finite nuclei 

parameters like neutron skin thickness. 

 

References 

[1]  B. A. Li, C. M. Ko and W. Bauer, Int. J. Mod. Phys. , E 7, 147 (1998).  

[2]  P. Danielewicz, R. Lacey and W. G. Lynch,  Science , 298, 1592 (2002).  
[3]  J. M. Lattimer and M. Prakash, Science,304, 536 (2004); Phys. Rep. , 442, 109 (2007).  

[4]  A. W. Steiner, M. Prakash, J. M. Lattimer and P. J. Ellis, Phys. Rep.,411, 325 (2005).  

[5]  P. G. Reinhard and W. Nazarewicz, Phys. Rev., C81, 051303 (2010).  
[6]  S. Abrahamyan, Z. Ahmed et al., Phys. Rev. Lett.,108, 112502 (2012).  

[7]  K. Paschke et al., Jefferson Lab Experiment E12-11-101 (PREX-II) proposal at http://hallaweb.jlab.org/parity/prex, 2014.  

[8]  D. Adhikari et al., Phys. Rev. Lett, 126, 172502 (2021).  
[9]  A. Tamii et al., Phys. Rev. Lett., 107, 062502 (2011).  

[10]  W. D. Myers and W. J. Swiatecki, Ann. Phys., 55, 395 (1969). 

[11]  W. D. Myers and W. J. Swiatecki, Nucl. Phys. A,336, 267 (1980).  
[12]  M. Pal, S. Chakraborty, B. Sahoo and S. Sahoo, Int. J. Mod. Phys, 27, 1850049 (2018).  



Neutron skin thickness of finite nuclei using finite range effective interaction with dipole properties 

www.irjes.com                                                                                                                                             55 | Page 

[13]  X. Roca-Maza, M. Brenna, G. Colò, M. Centelles, X. Viñas, B. K. Agrawal, N. Paar, D. Vretenar, and J. Piekarewicz, Phys. Rev. 
C88, 024316 (2013).  

[14]  B. Sahoo, S. Chakraborty and S. Sahoo, Phys. Atom. Nucl. ,79, 1 (2016).  

[15]  B. Behera, T. R. Routray, B. Sahoo, R. K. Satpathy, , Nucl. Phys. A ,699, 770 (2002).  
[16]  D Behera et al., Phys. Scr., 95, 105301(2020).  

[17]  M. Pal, S. Chakraborty, B. Sahoo, S. Sahoo, Phy. Part. Nucl. Lett., 19, 97-107 (2022).  

[18]  S. Chakraborty, B. Sahoo and S. Sahoo, Nucl. Phys. A, 912, 31 (2013). 
[19]  B. Behera, T. R. Routray, A. Pradhan, S. K. Patra, P. K. Sahu, Nucl. Phys. A ,753, 367 (2005).  

[20]  B. Behera, T. R. Routray, A. Pradhan, S. K. Patra and P. K. Sahu, Nucl. Phys. A , 794, 132 (2007).  

[21]  J. Meyer, P. Quentin, and B. Jennings, Nucl. Phys., A , 385, 269 (1982).  
[22]  M. Warda, X. Vi˜nas, X. Roca-Maza and M. Centelles, Phys. Rev. C , 80, 024316 (2009).  

[23]  M. Centelles, X. Roca-Maza, X. Vi˜nas, and M. Warda, Phys. Rev. C ,82, 054314 (2010).  

[24]  S. Chakraborty, B. Sahoo and S. Sahoo, Phys. Atom. Nucl ,78, 43 (2015).  
[25]  S. Chakraborty, B. Sahoo and S. Sahoo, Int. J. Mod. Phys.E,21, 1250079 (2012).  

[26]  E. Lipparini, S. Stringari, Phys. Rep,175, 103 (1989)..  

[27]  J. Piekarewicz, B. K. Agrawal, G. Colò, W. Nazarewicz, N. Paar, P. -G. Reinhard, X. Roca-Maza and D. Vretenar, Phys.Rev. C, 85, 
041302(R) (2012). 

[28]  N. Paar et al., Rep. Prog. Phys.,70, 691 (2007).  

[29]  H. Krivine, J. Treiner, O. Bohigas, Nucl. Phys. A, 336 , 155 (1984).  
[30]  L. Trippa, G. Colò, E. Vigezzi, Phys. Rev. C, 77, 061304(R) (2008).  

[31]  A. Klimkiewicz et al., Phys. Rev. C, 76, 051603 (2007).  

[32]  I. Daoutidis and S. Goriely, Phys. Rev. C, 84, 027301 (2011).  
[33]  V. Baran, B. Frecus, M. Colonna, and M. Di Toro, Phys. Rev. C,85, 051601(R) (2012). 

[34]  Z. Zhang and L. W. Chen, , Phys. Rev. C, 90, 064317 (2014).  

[35]  J. Birkhan et al., Phys. Rev. Lett., 118, 252501 (2017).  
[36]  T. Sil, M. Centelles, X. Vi˜nas and J. Piekarewicz, Phys. Rev. C, 71, 045502 (2005).  

[37]  W. Myers and W. Swiatecki, Ann. Phys. , 84, 186 (1974).  

[38]  W. Myers, " Droplet Model of Atomic Nuclei,"(Plenum, New York, 1977). 
[39]  S. Chakraborty, S. Mohanta, B. Sahoo and S. Sahoo, DAE Symp. Nucl. Phys., 59, 154 (2014).  

[40]  M. Centelles, X. Roca-Maza, X. Vi˜nas and M. Warda, Phys. Rev. Lett., 102, 122502 (2009).  

[41]  X. Roca-Maza, X. Viñas, M. Centelles, B. K. Agrawal, G. Colò, N. Paar, J. Piekarewicz, and D. Vretenar, Phys. Rev. C , 92, 064304 
(2015).  

[42]  J. P. Blocki, A. G. Magner, P. Ring and A. A. Vlasenko, Phys. Rev. C, 87, 044304 (2013).  

 
 


