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1. Equations of state 
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many-particle system, temperature T, volume Ω, particle number N, density n=N/Ω	


thermodynamic potential: Free energy F(T,Ω,N) 

density 

Green’s function method  

quantum statistical approach: grand canonical ensemble 

pressure 

Correlation function 

mean potential energy 

path integral Monte Carlo (PIMC) simulations 

chemical potential/T 



Virial expansions 
short-range interaction 

second virial coefficient: classical limit 

Coulomb systems: long-range Coulomb interaction 

Debye screening parameter 

second virial coefficient 

thermal wave length 

W.-D. Kraeft, D. Kremp, W. Ebeling, G.R., Quantum Statistics of Charged Particle Systems, 1986 



Homogeneous (uniform) electron gas 
specific mean potential energy 

virial expansion 

fourth virial coefficient? 

(atomic units) 

analytical expressions from perturbation theory 



Mean potential 
energy 

Exact results, not debated: 
Debye, logarithmic     -term 

T. Dornheim et al., High Energy Density Physics 45, 101015 (2022) 



Equation of state  
of the uniform electron gas 



Virial plot 
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G.R., Contrib. Plasma Phys. 63, e202300002 (2023) 



Fourth virial coefficient 

0 1 2 3 4 5

⌧ = T�1/2
Ha

�300

�250

�200

�150

�100

�50

0

50

ve
↵ 4
(T

,n
)
⇥

T
2 H
a

6⇡3/2 � 6⌧ 3

PIMC

rs = 0.5

rs = 2

rs = 20

Two-component plasmas: Thermodynamics of atomic and ionized hydrogen: 
Analytical results versus equation-of-state tables and Monte Carlo data 
A. Alastuey and V. Ballenegger, Phys. Rev. E 86, 066402 (2012) 
 

Interpolation formulas: 
G.R., T. Dornheim, J. Vorberger, 
D. Blaschke, B. Mahato, 
submitted, arXiv: 2310.17583 

extraction of the fourth virial coefficient  



Virial plots for isotherms 
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Isotherms for THa = 0.589 and 0.295 

Interpolation formula for the free energy (S.Groth et al., Phys. Rev. Lett. 119, 135001 (2017)) 
   

G.R., T.Dornheim, J Vorberger, D.Blaschke, B.Mahato, submitted, arXiv: 2310.17583 



2. Electrical conductivity of plasmas 
•  Kinetic theory (Boltzmann equation): Spitzer (low-density limit) 
•  Linear response theory: Kubo formula (warm dense matter) 
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•  Generalized linear response theory (unified) 
•  Fluctuation-dissipation theorem: equilibrium correlation functions 
•  Green functions: perturbation theory, diagram techniques 

Kubo-Greenwood formula, DFT-MD simulations: electron-electron collisions included?  
(M. P. Desjarlais et al. 2017, N.R. Shaffer and C.E. Starrett 2020) 
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Correlations appear for the plasma Hamiltonian with complete interaction V . No closed-form solutions are known, and we
must perform approximations to solve this many-body problem. Here we discuss three possibilities:

1. Perturbation expansion with respect to V . We obtain analytic expressions for arbitrary orders of V in terms of nonin-
teracting equilibrium correlation functions, which can be easily evaluated using Wick’s theorem. However, we have no
proof of the convergence of this series expansion and no error estimate. In order to make this analytical approach more
e�cient, the method of thermodynamic Green’s functions and Feynman diagram technique were elaborated1,2,9. Conver-
gence is improved by performing partial summations corresponding to special concepts such as the introduction of the
quasiparticle picture (self-energy ⌃), screening of the potential (polarization function ⇧), or formation of bound states
(Bethe-Salpeter equation). This leads to useful results for the properties of the plasma in a wide range of T and n. However,
as characteristic for perturbative approaches, exact results can be found only in some limiting cases.

2. This drawback is eliminated by numerical simulations of the correlation functions that apply to arbitrary interaction
strength. In Born-Oppenheimer approximation, density functional theory (DFT) for the electron system with given ion
configuration and molecular dynamics (MD) for the ion system are applied to evaluate the correlation functions. Single-
electron states are calculated by solving the Kohn-Sham equations. The total energy is obtained from the kinetic energy
of a non-interacting reference system, the classical electron-electron interaction, and an exchange-correlation energy that
includes, to a certain approximation, all unknown contributions.

The DFT-MD approach has been successfully applied to calculate the thermodynamic properties of complex materials in
a wide range of T and n, which will not be reported here, see, e.g., 10,11,12,13 and the references given there. For electrical
conductivity (7), the Kubo-Greenwood formula7,14
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was used to calculate the frequency-dependent dynamic electrical conductivity �(!) in the long-wavelength
limit16,17,18,19,20,15. Kohn-Sham wave functions  i,k from density functional theory calculations are used to calculate the
transition matrix elements of the momentum operator Çp↵ . The Fermi-Dirac distribution f (✏) accounts for the average
occupation at energy ✏, and the summation over momentum space k contains the k-point weights wk.

Due to the finite size of the simulation box, the delta function in equation (9) must be approximated by a finite-width
Gaussian, which also prevents the direct calculation of the dc conductivity at ! = 0. Therefore, the dynamic conductivity
is extrapolated to the limit ! ô 0 by a Drude fit,

Re [�(!)] = ne2⌫
⌫2 + !2 , (10)

where ⌫ is the collision frequency. Thus, the calculated direct current conductivity depends on choosing the appropriate
width for the Gaussian and finding a suitable range for the Drude-fitting to �(!) calculated from equation (9). The last
point can be improved by using a frequency-dependent collision frequency21.

One of the main shortcomings of the DFT-MD approach is that the many-particle interaction is replaced by a mean-field
potential. When using product wave functions for the many-electron system, correlations are excluded. The exchange-
correlation energy density functional reflects the Coulomb interaction to some approximation, e.g., as it exists in the
homogeneous electron gas, but becomes problematic in the low-density limit where correlations are important.

3. In principle, an accurate evaluation of equilibrium correlation functions is possible using path-integral Monte Carlo
(PIMC) simulations, see22,23,24 and references therein. The shortcomings of this approach at present are the relatively
small number of particles (a few dozen), the sign problem for fermions, and the computational challenges in accurately
computing path integrals. Instead of using an exchange-correlation energy density functional, e * e collisions are treated
accurately. However, at present accurate calculations have only been performed for the uniform electron gas model in
which the charge-compensating ion subsystem is replaced by a homogeneously charged jellium. The results presented
in25 are shown below in sec. 5. High-precision calculations for the two-component Hydrogen plasma would be of interest
for both thermodynamics and transport properties.
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Conductivity of warm dense matter including electron-electron collisions: 
H. Reinholz, G. R., S. Rosmej, R. Redmer, Phys. Rev. E 91, 043105 (2015). 
DFT-MD contains e-e interaction only in mean-field approximation,  
wrong low-density limit of electrical conductivity (Lorentz-model) 
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Kubo-Greenwood QMD calculations with the standard
approximations for the exchange-correlation energy func-
tional give the exact value for the plasma conductivity in
the low-density limit. A Green’s function approach may
solve this problem but this has not been performed yet.
Therefore, we suggest to apply our benchmark criterium
on future large data sets of Kubo-Greenwood QMD cal-
culations to investigate the contribution of e�e collisions
in the low-density limit.

The approach described here is applicable also to
other transport properties such as thermal conductivity,
thermopower, viscosity, and di↵usion coe�cients. Of
interest is also the extension of the virial expansion to
elements other than hydrogen, where di↵erent ions may

be formed and the electron-ion interaction is no longer
pure Coulombic.
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Plasmas, (Birkhäuser, Basel 1984).
[45] M. French and R. Redmer, Phys. Plasmas 24, 092306 (2017).
[46] M. Gajdos, K. Hummer, G. Kresse, J. Furthmüller, and F.

Bechstedt, Phys. Rev. B 73, 045112 (2006).
[47] C. E. Starrett, High Energ. Dens. Phys. 19, 58 (2016).
[48] C. E. Starrett et al., Phys. Plasmas 19, 102709 (2012).
[49] G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
[50] G. Kresse and J. Hafner, Phys. Rev. B 49, 14251 (1994).
[51] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).
[52] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.

77, 3865 (1996).
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Kubo-Greenwood QMD calculations with the standard
approximations for the exchange-correlation energy func-
tional give the exact value for the plasma conductivity in
the low-density limit. A Green’s function approach may
solve this problem but this has not been performed yet.
Therefore, we suggest to apply our benchmark criterium
on future large data sets of Kubo-Greenwood QMD cal-
culations to investigate the contribution of e�e collisions
in the low-density limit.

The approach described here is applicable also to
other transport properties such as thermal conductivity,
thermopower, viscosity, and di↵usion coe�cients. Of
interest is also the extension of the virial expansion to
elements other than hydrogen, where di↵erent ions may

be formed and the electron-ion interaction is no longer
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[14] G. Röpke and R. Redmer, Phys. Rev. A 39, 907 (1989).
[15] R. Redmer, Physics Reports 282, 35 (1997).
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3. Quantum statistical approach 
The total density as well as the DoS are given by the spectral function A, 

A cluster decomposition for the self-energy is possible so that a quasiparticle  
(free) contribution can be separated,  

which is related to the Green function and the self-energy as  
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Cluster decomposition 
 of the self-energy 

T-matrices: bound states, scattering states 
Including clusters like new components 
chemical picture, 
mass action law, nuclear statistical equilibrium (NSE) 
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Pauli blocking – phase space occupation 

momentum space 
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pz cluster wave function 
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in momentum space 
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The Fermi sphere is forbidden, 
deformation of the cluster wave function 
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(disintegration of the bound state). 



Shift of the deuteron bound state energy 
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Dependence on nucleon density, various temperatures, 
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thin lines: 
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Scattering phase shifts in matter 



Two-particle correlations 
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Composition of dense nuclear matter 
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ν: internal quantum number  
excited states, continuum correlations 

•  Medium effects: correct behavior near saturation 
  self-energy and Pauli blocking shifts of binding energies, 
  Coulomb corrections due to screening (Wigner-Seitz, Debye) 
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EOS: continuum contributions 
Partial density of channel A,c at P (for instance, 3S1= d): 

separation: bound state part – continuum part ? 
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2. Quantum condensate 

Bose-Einstein- 
Condensation 
of deuterons 
(BEC) 
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Few-particle Schrödinger equation 
in a dense medium 

4-particle Schrödinger equation with medium effects 
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Is there a sharp transition from quartetting to pairing ? 



Quantum condensate: quartetting 
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The α condensate state in 4n nuclei 
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α condensation is a general phenomenon: 12C, 16O, 20Ne, … 
Container picture: B. Zhou et al., Phys. Rev. Lett. 110, 262501 (2013) 

The Hoyle state as Bose-like gas of 3 α clusters, shell model not applicable   

Is there a sharp transition from quartetting to pairing ? 



5. Cluster virial expansion for nuclear matter 
within a quasiparticle statistical approach 

G.R., N. Bastian, D. Blaschke, T. Klaehn, S. Typel, H. Wolter, NPA 897, 70 (2013) 

generating functional 

avoid double counting 

Generalized Beth-Uhlenbeck approach 



Cluster - mean field approximation 
Cluster (A) interacting with a distribution of clusters (B) in the medium,  
fully antisymmetrized (correlated medium) 
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self-consistent solutions for clusters in a clustered medium ? 



Light Cluster Abundances 

Composition of symmetric matter in dependence on the baryon density nB, T = 5 MeV.  
Quantum statistical calculation (full) compared with NSE (dotted).  

G. R., PRC 92, 054001 (2015) 



Core-collapse supernovae 

density  
 
proton fraction, and 
 
temperature profile 
 
of a 15 solar mass supernova 
at 150 ms after core bounce 
as function of the radius. 
 
Influence of cluster formation  
on neutrino emission  
in the cooling region and 
on neutrino absorption 
in the heating region ? 
K.Sumiyoshi, G. R., 
Astrophys.J. 629, 922 (2005) 

snapshot 



Composition of supernova core 

K.Sumiyoshi, 
G. R., 
PRC 77, 
055804 (2008) 

Mass fraction X  
of light clusters  
for a post-bounce  
supernova core 



EoS at low densities from HIC 

chemical constants 
Yields of clusters from HIC: p, n, d, t, h, α  

inhomogeneous, 
non-equilibrium 



selection of the set of relevant observables 

von Neumann equation 

principle of weakening of initial correlations (Bogoliubov, Zubarev) 

time evolution operator relevant statistical operator 

self-consistency relations 

maximum of information entropy 

Nonequilibrium statistical operator (NSO) 

generalized Gibbs distribution 

Expanding nuclear matter: freeze-out and reaction processes (feed-down) 



Freeze-out at heavy ion collisions 

 D. Blaschke, G. Ropke, Yu. Ivanov, M. Kozhevnikova, and S. Liebing, 
The XVIII International Conference on Strangeness in Quark Matter (SQM 2019) 



Cluster formation at LHC/CERN 

B. Doenigus, G.R., D. Blaschke, Phys. Rev. C 106, 044908 (2022) 

ALICE@LHC 

Excellent description 
of data by the  
statistical model 
(chemical equilibrium)  

T = 156 MeV 

Beth-Uhlenbeck formula for interaction with further particles: 



Outline/Conclusions 
1.  Equation of state and virial expansions in plasmas                                  

Virial coefficients for the uniform electron gas, interpolation formulas: PIMC 

2.  Electrical conductivity: virial expansion for hydrogen plasmas           
Inclusion of electron-electron collisions: DFT-MD, PIMC 

3.  Beth-Uhlenbeck formula for the second virial coefficient                             
In-medium Schroedinger equation for nuclear matter: Few-body problem 

4.  Cross-over Bose Einstein condensate – BCS pairing                     
Quartetting in low-density nuclear matter, Hoyle state and α decay: AMD 

5.  Cluster Beth-Uhlenbeck formula, continuum correlations                    
Cluster-mean field, composition, freeze-out concept: self-consistent cluster 
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Electron-electron collisions and 
transport coefficients 

PIMC simulations can solve the problem of the contribution of e – e collisions 

Electronic transport coefficients from density functional theory across the plasma plane 
M. French, G. R., M. Schörner, M. Bethkenhagen, M. P. Desjarlais, R. Redmer 
Phys. Rev. E 105, 065204 (2022) 

Higher order correlation functions? 

slope: fit gives 0.9886, static screening by electrons and ions:  

Lorentz limit: electron-electron collisions not included in DFT-MD simulations. 

slope from quantum Lenard-Balescu: dynamical screening by electrons 



Experiments 
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WKB interpolation

ERR
interpolation

H: Guenther, Radtke

Ar, Xe, Ne: Ivanov

Ar, Xe: Popovic

QLB/Desjarlais

  G. R., M. Schoerner, M. Bethkenhagen, R. Redmer, , Phys. Rev. E 104, 045204 (2021)  Supplemental material 

Interpolation formulas, ERR: A Esser, R. Redmer, G. R., Contrib. Plasma Phys. 43, 33 (2003).  

second virial coefficient: 

densities high, 
 temperatures low:  
 
partially ionized plasmas;  
ionization degree, 
 electron-atom collisions 

WKB: 



nucleon-nucleon interaction potential  
•  Effective potentials  
      (like atom-atom potential) 
      binding energies, scattering 

•   non-local, energy-dependent? 
      QCD? 

•  microscopic calculations  
     (AMD, FMD)  

•  single-particle descriptions: 
     Thomas-Fermi approximation 
     shell model  
     density functional theory (DFT) 
 
•  correlations, clustering  
     low-density nα nuclei, Volkov 



Contours of constant density, plotted in cylindrical coordinates, for 8Be(0+) .  
The left side is in the laboratory frame while the right side is in the intrinsic frame. 

R.B. Wiringa et al., 
PRC 63, 034605 (01) 

α cluster structure of 8Be  

5. Nuclear structure and reactions  
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Ionization degree for carbon 

T = 100 eV 
Ionization degree of 
carbon Zfree derived from 
DFT- MD simulations 
(orange line) compared 
to predictions of OPAL 
(green line) and Beth-
Uhlenbeck (BU) 
calculations (black lines). 
 
BU results incorporate 
the EK and SP models, 
respectively.  
 
Solid line takes into 
account Pauli blocking 
effects in addition. 

M. Bethkenhagen et al., Phys. Rev. Research 2, 023260 (2020) 



3. Clusters in an external potential 
c. o. m.  coordinate R, relative coordinates sj  

normalization 

Wave equation for the c.o.m. motion 

c.o.m. effective potential 

Wave equation for the intrinsic motion 

G. R. et al., PRC 90, 034304 (2014) 

N. Gidopoulos, E. Gross (2014) 



Quartet wave function 
Four-particle wave equation in position space representation 

Local density approximation: momentum representation, no coupled gradient terms, Thomas-Fermi 

Single-nucleon Hamiltonian 

Intrinsic motion: in-medium interaction 

Pauli blocking B 

c.o.m. effective potential 



Nuclear statistical equilibrium 
(NSE) 

Chemical picture: 
Ideal mixture of reacting components 
Mass action law 

Physical picture: 
"elementary" constituents 
and their interaction 

Interaction between the components 
internal structure: Pauli principle Quantum statistical (QS) approach, 

quasiparticle concept, virial expansion 



Deuteron-like scattering phase shifts 
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G. Roepke, J. Phys.: Conf. Series 569, 012031 (2014) 
Phys. Part. Nucl. 46, 772 (2015) [arXiv:1408.2654] 

deuteron bound state -2.2 MeV 

Virial coeff. ∝  

10

A. Two-nucleon contribution

The virial expansion of the EOS (4) reads [23, 35, 36, 38, 39]

ntot
n (T, µn, µp) =

2
⇤3

h

bn(T )eµn/T + 2bnn(T )e2µn/T + 2bnp(T )e(µn+µp)/T + . . .
i

,

ntot
p (T, µn, µp) =

2
⇤3

h

bp(T )eµp/T + 2bpp(T )e2µp/T + 2bpn(T )e(µn+µp)/T + . . .
i

, (31)

Already the noninteracting, i.e. ideal Fermi gas of nucleons contains two e↵ects in contrast to the standard low-
density, classical limit:
i) The relativistic dispersion relation E⌧ (p) = c

p

(m⌧ c)2 + (~p)2 � m⌧ c2 results in a first virial coe�cient b⌧ 6= 1.
The value b⌧ = 1 follows from the dispersion relation E⌧ (p) = ~2p2/2m⌧ . For a more detailed investigation see [39].
ii) The degeneration of the fermionic nucleon gas leads to the contribution �2�5/2 to b⌧⌧ [35].

The remaining part of the second virial coe�cient is determined by the two-nucleon interaction. We can introduce
di↵erent channels, in particular the isospin triplet (TI = 1, neutron matter) and isospin singlet (TI = 0, deuteron)
channels which are connected with the spin singlet and spin triplet state, respectively, if even angular momentum is
considered, for instance S-wave scattering. The second virial coe�cient in both channels can be derived from bnn and
bnp. Empirical values are given as function of T in Ref. [38] (isospin symmetry is assumed).

B. Generalized Beth-Uhlenbeck formula

The second virial coe�cients bnn and bnp cannot directly used within a quasiparticle approach. Because part of
the interaction is already taken into account when introducing the quasi-particle energy, we have to subtract this
contribution from the second virial coe�cient to avoid double counting, see [32, 36, 39]. We expand the density
with respect to the fugacities within the quasiparticle approximation picture (23), (24). We identify the residual
isospin-triplet contribution v0

TI=1(T ) from the neutron matter case as

ntot
B,neutron m.(T, µn, µp) = nqu

n (T, µn, µp) +
25/2

⇤3
e2µn/T v0

TI=1(T ) + . . . , (32)

and the residual isospin-singlet contribution v0
TI=0(T ) from the symmetric matter case (µp = µn) according to

ntot
B,symmetr.m.(T, µn, µp) = nqu

n (T, µn, µp) + nqu
p (T, µn, µp)

+
25/23
⇤3

e(µn+µp)/T
h

e�E0
d/T � 1 + v0

TI=0(T ) + v0
TI=1(T )

i

+ . . . , (33)

dots indicate higher orders in densities. The residual second virial coe�cients v0
c (T ) are given by [36]

v0
c (T ) =

1
⇡T

Z 1

0

dE e�E/T

⇢

�c(E)� 1
2

sin[2�c(E)]
�

. (34)

Comparing (33) with the ordinary Beth-Uhlenbeck formula (8) there are two di↵erences:
i) After integration by parts, the derivative of the scattering phase shift is replaced by the phase shift, and according
to the Levinson theorem for each bound state the contribution �1 appears.
ii) The contribution � 1

2 sin[2�c(E)] appears to avoid double counting [32, 36] when introducing the quasiparticle
picture. E denotes the relative energy in the c.o.m. system.

The EOS (4) is not free of ambiguities with respect to the subdivision into bound state contributions and continuum
contributions, compare (33), (34) with (7), (8). The continuum correlations in b⌧,⌧ 0(T ) are reduced to the residual part
v0

c (T ) if the quasiparticle picture is introduced. The remaining contribution to the second virial coe�cient b⌧,⌧ 0(T ) is
absorbed in the quasiparticle shift. This has been discussed in detail in [32, 36, 39].

To give an approximation for v0
c (T ), we performed calculations within the generalized Beth-Uhlenbeck approach

[36] for a simple separable potential,

Vc(12, 1020) = ��ce
� (p1�p2)2

4�2 e
� (p01�p02)2

4�2 ��,�0�⌧,⌧ 0 (35)

with �d = 1287.37 MeV for the deuteron (isospin 0) channel, � = 1.474 fm�1, see [34], adapted to binding energy and
point rms radius of the deuteron. After evaluating the T-matrix, the scattering phase shifts are obtained, and v0

d(T )
has been evaluated. For details see [36]. The result is approximated by

v0
d(T ) = v0

TI=0(T ) ⇡ 0.30857 + 0.65327 e�0.102424 T/MeV . (36)

Tamm-Dancoff 



Different approximations 

Ideal Fermi gas: 
protons, neutrons,  
(electrons, neutrinos,…) 

Quasiparticle quantum liquid: 
mean-field approximation 
BHF, Skyrme, Gogny, RMF 

Nuclear statistical equilibrium: 
ideal mixture of all bound states  
(clusters:) chemical equilibrium 

Chemical equilibrium  
with quasiparticle clusters: 
self-energy and Pauli blocking 

medium effects 

bound state formation 



Single nucleon distribution function 
Dependence on temperature  

Alm et al., PRC 53, 2181 (1996) 

 

saturation density 



Different approximations 

Ideal Fermi gas: 
protons, neutrons,  
(electrons, neutrinos,…) 

Quasiparticle quantum liquid: 
mean-field approximation 
BHF, Skyrme, Gogny, RMF 

Nuclear statistical equilibrium: 
ideal mixture of all bound states  
(clusters:) chemical equilibrium 

Chemical equilibrium  
of quasiparticle clusters: 
self-energy and Pauli blocking 

Second virial coefficient: 
account of continuum contribution, 
scattering phase shifts, Beth-Uhl.Eq. 

Generalized Beth-Uhlenbeck formula: 
medium modified binding energies, 
medium modified scattering phase shifts 

Cluster virial approach: 
all bound states (clusters) 
scattering phase shifts of all pairs  

medium effects 

bound state formation 

continuum contribution 

chemical & physical picture 
Correlated medium: 
phase space occupation by all bound states 
in-medium correlations, quantum condensates 



Crossover from BEC to BCS pairing 

P. Schuck 



α-cluster-condensation 
(quartetting) 

G.R., A.Schnell, P.Schuck, and P.Nozieres, PRL 80, 3177 (1998) 



Suppresion of condensate fraction 

•  Alpha-alpha interaction (Ali/
Bodmer),  

     no Pauli blocking: 
•  Variational calculation (Clark/

Jastrow approach  
      to the alpha-particle 

condensate amplitude) 
     (crosses) 
•  First order approximation 
     (full line) 
 
•  Yamada/Schuck’s  
     result for condensate 
     in C12 - O2+ 
     (stars) 
 

Y. Funaki et al., PRC 77, 064312 (08) 



Clustering phenomena in nuclear 
matter below the saturation density 

Hiroki Takemoto et al., 
PR C 69, 035802 (2004) 

"
Overhauser: density-fluctuated states ( DFSs)  instead of 
plane-wave states."

Energy curves of DFSs due to α and 16O clustering in"
the symmetric nuclear matter. The density of matter is 
normalized by the saturation density of the"
uniform matter.

 



Equation of state: chemical potential  

Chemical potential for symmetric matter. T=1, 5, 10, 15, 20 MeV. 
QS calculation compared with RMF (thin) and NSE (dashed).  
Insert: QS calculation without continuum correlations (thin lines).  
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Symmetric matter: free energy per nucleon 

Dashed lines: no continuum correlations 


