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Equilibrium properties of hydrogen-helium mixtures untle@rmodynamic conditions found in the interior of
giant gas planets are studied by means of density functibeaky molecular dynamics simulations. Special
emphasis is placed on the molecular-to-atomic transitiothe fluid phase of hydrogen in the presence of
helium. Helium has a substantial influence on the stabilithyalrogen molecules. The molecular bond is
strengthened and its length is shortened as a result of ¢theaised localization of the electron charge around
the helium atoms, which leads to more stable hydrogen midea@ompared to pure hydrogen for the same
thermodynamic conditions. Thab initio treatment of the mixture enables us to investigate the tstreof the
liquid and to discuss hydrogen-hydrogen, helium-heliundl laydrogen-helium correlations on the basis of pair
correlation functions.
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1 Introduction

The discovery of the first extrasolar planet in 1995 [1] mdritee beginning of a new era in planetary science,
characterized by a rapidly expanding set of known extraguknets. More than 200 exoplanets have been
discovered so far [2]. Among these, giant gas planets inlsriats are in the majority since the primary tool for
detection, radio velocity measurements, is most sengiifimding heavy planets that rapidly orbit their parent
star [3, 4].

From radius measurements of transient extrasolar plahi&tglso known that most of these giant gas planets
are like Jupiter in consisting primarily of hydrogen anditnel. Modeling the interior of such planets requires an
accurate equation of state for hydrogen-helium mixturdsgit pressure and temperature conditions similar to
those in planetary interiors [5]. Thus, the charactermatif such system by first principle calculations will help
us to answer questions concerning the inner structure ogpdatheir origin and evolution [5, 6].

In this article, we focus on studying the transition from pwllar to atomic hydrogen. In particular, we
investigate the effect of different helium concentrationghis transition. In what follows, it will be shown how
the structure of the fluid and its equation of state (EOS) gkamith varying the hydrogen-helium mixing ratio.

2 Method

We use density functional molecular dynamics (DFT-MD) teeistigate the questions connected with the physics
of giant gas planets. Under conditions along Jupiter’stispe, the electrons can be considered to be in their
ground state. They are either chemically bound in moleaui@goms, or form a degenerate interacting electron
gas. Density functional theory can thus be used to desdnielectrons throughout. The ions form a strongly
coupled fluid which makes many-body simulations an obvidwsae for their description. For the interaction of
the classical ions and electrons (quantum particles) thra-Bppenheimer (BO) approximation can be invoked
since the motions of electrons and ions follow differentesmales.
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Fig. 1 View of the simulation cell of a DFT-MD simulation. Hydrogemd helium nuclei are represented by small and
large spheres, respectively, and electron density isasesfare drawn. In these plots, the mixing ratie is- 0.5, and the
temperature i4000 K. The density corresponds tom) = 2.4 (0.3 g/cnt) at pressure a§ GPa, and by, = 0.9 (5.5 g/cnt)

at pressure 08800 GPa. These conditions correspond to a molecular phase aadnietallic regime of fluid hydrogen,
respectively.

The results presented here are obtained using the CPMD ¢pd&4 use simulations cells witl28 electrons
and the corresponding number of ions, and periodic boundamngitions. The forces acting on the ions are
provided by DFT calculations within generalized gradigamximation (GGA) for the electrons in the Coulomb
field of the ions. We use Troullier Martin norm-conservingpdopotentials for the electron-ion interactions [9].
To check for finite-size effects, calculations with sup#sceanging from 54 to 250 atoms are carried out, but
give no significant change in the results 2% in pressure for supercells with 128 or more particles). Wesha
also performed simulations with different number of k peifit to 512) to sample the Brillouin zone, and it
was confirmed that a single k point already gives convergsaltsefor the supercells and conditions used here.
Recently, it was shown that in high pressure water effeétingr from the treatment of the electrons at their
true temperature instead of in the ground state can be isapdidr the dynamics of the system [10]. Therefore,
special attention was given to the effects arising from adieiectron temperature. We have performed additional
DFT-MD simulations with the VASP code using the finite tengiare Mermin functional to model the influence
of thermal occupation of electronic states [11]. For Jufsitmixing ratio ofx = Ng./(2Nyg + Nge) = 0.14
almost no difference could be detected at relevant tempemin the metallic regime (less than half a percent
deviation).

3 Equation of State and Structure of the Hydrogen-Helium Fluid

Figure 1 displays snapshots of the simulation cell duringsffior two different situations. In Fig. 1a) the molec-
ular fluid at low density«; = 2.4) is characterized by larger distances between the moleeame by electronic
densities concentrated around the nuclei. Such a molefiuldrcan be found in the outer mantle regions of
Jupiter. The physical system reminiscent to the inner reaftDupiter, shown in Fig. 1b), can be characterized
as a metallic fluid. The density is much higher, moleculesdissociated as a result of the increased pressure.
The electrons are delocalized as a result of the Pauli @eclysinciple and form an electron cloud that extends
through the simulation cell.

For given temperature and density conditions, which oftfedescribed phases can be found, namely, molec-
ular or atomic/metallic, depends strongly on the heliumosmtration. Moreover, the helium fraction plays a
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Fig. 2 Pair correlation functions at a temperature3660 K across the molecular-atomic transition for various diesiand
mixing ratios. The three rows of graphs show the hydrogeirdgen, hydrogen-helium, and helium-helium pair corietat
functions. Hereg(r)y— g was multiplied by the concentration of hydrogen atoms so tfhenarea under the peakat=
0.75 A corresponds to the fraction of molecules in the fluid. Infegiaph, simulations for different mixing ratios have been
combined: pure hydrogen: (= 0), hydrogen and helium for Jupiter's mixing ratie & 0.14), a fluid with as many helium

atoms as hydrogen molecules & 0.5), and pure heliuma = 1). The columns show results from different electronic
densities (given in terms of the Wigner Seitz paramefgrfor which different mixing ratios have been compared.
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crucial role in how the mixture transforms from the molectitethe atomic phase with increasing temperature or
pressure.

Changes in the structure of the fluid, i.e., the transitiomfra molecular to a metallic fluid may be discussed
in terms of the pair correlation function (PCF)

g(r) = m <Z o(r — |7“z'j|)> # : 1)

i#]

Pair correlation functions for different types of nucleeahown in Fig. 2. We discuss the changes in the pair
correlations with respect to density at a constant temperaif 3500 K. Let us first comment on the hydrogen-
hydrogen pair correlations in pure hydrogen. A pronoun@akmat about = 0.75 A demonstrates the presence
of molecules in the fluid. These pair correlations are noizedlso that the area under the molecular peak gives
the number of molecules found in the fluid. The dissociatiegrde can thus be extracted either by integrating
over the PCF or by invoking a distance criterion for two hygko atoms. Table 1 reports degrees of dissocia-
tion that where derived by analyzing the MD trajectoriesigghe distance criterion and a minimum molecular
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| rs=240 | r,=200 | r,=18 | r,=160
%=0.0 89+0.1GPa| 25.5+0.1 GPa| 38.5+0.3GPa| 89.4+0.2 GPa
0.94 0.38 0.20 0.05
%=0.14 8.5+ 0.1GPa| 24.1 +0.2 GPa| 38.4+ 0.2 GPa| 90.8 £ 0.3 GPa
0.98 0.38 0.43 0.09
%=0.5 7.0£0.1GPa| 21.24+0.1 GPa| 33.0+ 0.2 GPa| 89.7 £ 0.2 GPa
0.97 0.45 0.44 0.49
%=1.0 5.3+ 0.1GPa| 14.7+ 0.1 GPa| 22.5+ 0.1 GPa| 65.0 £ 0.1 GPa

Table1 Values for pressure (1st line) and fraction of atoms bounchatecules (2nd line) at various densities and mixing
ratios at’ = 3500 K. These values belong to the pair correlation functionsign E.

lifetime of 10 vibrational periods of the isolated hydrogen molecule. Titeéime criteria leads to a decaying
molecular fraction in the metallic regime, which would beemestimated based on the distance criterion alone.

A high peak followed by a minimum that approaches zero isangtindication that the molecules are stable,
for instance this is the case at = 2.4 for different values ofr. Indeed, this can be confirmed by directly
analyzing the number and lifetime of the molecules [14]. Badther hand, at high density;(= 1.6, z = 0),
no isolated first peak can be identified and the shape of thei®@fpical for a correlated atomic liquid. The
first row of Fig. 2 contains two additional graphs showing tiaér correlations at densities and mixing ratios
intermediate between the two extrema just discussed. setba@ses, the molecular peak can still be identified but
its height is reduced and it is widened so that the first mimmias a value greater than zero. A shape like this is
caused by a mixture of atoms and molecules; where the defirofi molecules here is somewhat ambiguous as
they may have finite lifetimes.

Let us now discuss the influence of helium on the PCF. The géeffect can be seen by comparing hydrogen-
hydrogen pair correlation functions at identical elecicatensities and different helium fractions. More helium
content in the mixture generally leads to a lower hydrogeaatiation. The presence of helium atoms thus stabi-
lizes the hydrogen molecules and the effect of pressurestmdiate hydrogen molecules is partially suppressed.
A more detailed analysis revealed that in mixtures of hydrognd helium the bond length of the hydrogen
molecule is shortened by abotffo [12, 14]. The influence of helium allows hydrogen molecule®xist in
a parameter regime where otherwise pure hydrogen woulddsealated. The microscopic reason for this ef-
fect is the double charge of the helium nuclei binding twactlins. These electrons are bound stronger than
the electrons in a hydrogen molecule and are more localimhath has profound effects on the high pressure
properties of the fluid [13]. In the mixture, atoms and molesican be packed more closely before electronic
wavefunctions begin to overlap. When molecules are corspreand wave functions begin to overlap, their
localization increases because of the exclusion pringiphéch means larger kinetic energy. But the kinetic and
potential energies scale differently with density, so ¢ually, it is energetically more favorable for the electson
to delocalize (lower kinetic energy, higher potential yygr

We also examine helium-helium (He-He) and hydrogen-helidrtie) pair correlation functions extracted
from the DFT-MD simulations. Both, He-He and H-He pair ctation functions show a finite probability for
finding a neighboring atom only for distances larger thanA. This value reflects the bigger radius of a helium
atom compared to a hydrogen atom.

Hydrogen-helium correlations are similar to the contimsipart of the hydrogen-hydrogen PCFs. Naturally,
there is no molecular peak and significant contributionsioet distances larger than the first minimum of the
hydrogen-hydrogen PCFs. Thereafter, similar weak slaogie order expressed in oscillations around unity can
be observed. There are only minor differences between lggadrdnelium correlation functions of different mixing
ratios.

The correlations in the helium subsystem can be describsti@srange hard sphere type interactions. In-
terestingly, the helium-helium pair correlations show aeyaronounced first peak in the= 0.14 mixture than
in thex = 0.5 mixture and they again feature a slightly higher peak thanathes for pure helium. There is a
bigger total number of hydrogen atoms present for a lowelingixatio z at constant electronic density. Two
hydrogen atoms or one hydrogen molecule have a bigger voloareone helium atom. The effective density
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Fig. 3 Pressure vs. temperature isochores for hydrogen, hyddogiamm mixtures of various mixing ratios, and helium
for two different electronic density parametets a)rs = 1.86 corresponds tp = 0.42 g/cn? in hydrogen, and by = 1.6
corresponds tp = 0.67 g/cn? in hydrogen.

for the helium atoms is thus higher in a mixture with lessurali This causes a general requirement to increased
coordination among the atoms which in turn is reflected inhtigher peak in the pair correlation. The effect of
hydrogen on helium can be understood as the opposite offéaet ef helium on hydrogen.

The observed structure in helium-helium and hydrogendhepair correlations illustrates the importance of
the interaction between the subsystems and is an indidhtithe linear mixing rule is only a first approximation
for describing mixtures [14].

Naturally, changes in the structure of the fluid have an effeche equation of state (EOS) as presented in
Fig. 3. The pressure isochores show some distinct feategesndling on the helium concentration. Since helium
atoms are smaller than hydrogen molecules, one finds thatdémperature the pressure decreases substantially
when hydrogen molecules are replaced by helium atoms atartnglume, which leaves the total electronic
density unchanged. In pure hydrogen, the isochores exaibigion with a negative slop&P/dT|y < 0,
which is due to the delocalization of the electrons during dissociation of hydrogen molecules. A higher
helium fraction reduces the magnitude of the drop in presgig. forr = 0.14) or even completely removes it
(x = 0.5). As a result, one finds that ti&(T") curves forz = 0, = 0.14, andz = 0.5 approximately converge
in the dissociated regime. There, the pressure dependéttielpn the helium concentration because the (ideal)
ionic pressure increase and the pressure decrease duettoritedelocalization depend inversely on the mixing
ratio. Only for large helium concentration this cancetiateffect does not occur anymore as the comparison with
thex = 1 curve shows.

Fig. 3 alone demonstrates temperature dissociation. Byaang the left and the right part of Fig. 3, it is
possible to observe pressure dissociation, too. The regthmegative slopes indicating molecular dissociation
is shifted to smaller temperatures for higher densitiesis Tieans that, by increasing the density at constant
temperature, one can transfer from a molecular fluid to amiatéuid as well.

4 Conclusion

The structure of the fluid and the equation of state for hydmselium mixtures were analyzed under conditions
found in giant gas planets. We have considered the structuaages in the fluid during dissociation as function
of density and helium concentration. DFT-MD proves to be seful technique to study such questions and to
obtain accurate equation of state data. Such data are neededker to improve existing models for giant gas
planets and answer longstanding question concerningdbe@lopment and inner structure.

In particular, we find that helium plays a crucial role in affag hydrogen dissociation both as a function of
temperature and pressure. Hydrogen molecules are stabighatr temperatures and pressures in mixtures of
hydrogen and helium than in pure hydrogen. The transitiomfthe molecular to the atomic phase proceeds over
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a wider range of temperature and pressure. We observe sagitinnegative slope of the pressure isochores in
pure hydrogen as well as in hydrogen-helium mixtures, biyt op to a critical mixing ratio.
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