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Neutrino-“pasta” scattering: The opacity of nonuniform neutron-rich matter
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Neutron-rich matter at subnuclear densities may involve complex structures displaying a variety of shapes,
such as spherical, slablike, and/or rodlike shapes. These phasesattbar pastare expected to exist in the
crust of neutron stars and in core-collapse supernovae. The dynamics of core-collapse supernovae is very
sensitive to the interactions between neutrinos and nucleons/nuclei. Indeed, neutrino excitation of the low-
energy modes of the pasta may allow for a significant energy transfer to the nuclear medium, thereby reviving
the stalled supernovae shock. The linear response of the nuclear pasta to neutrinos is modeled via a simple
semiclassical simulation. The transport mean free pattufand r neutrinos(and antineutrinosis expressed
in terms of the static structure factor of the pasta, which is evaluated using Metropolis Monte Carlo

simulations.
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[. INTRODUCTION the 1950 study of Ising antiferromagnets on triangular lat-

tices by Wannief12]. Three antiferromagnetically coupled

Neutron-rich matter may have a complex structure at denspins fixed to the sites of an equilateral triangle cannot mini-
sities just below that of normal nuclei. This is because allmize all interactions simultaneously: once two spins are an-
conventional matter ifrustrated While nucleons are corre- tialigned, the third one cannot be antiparallel to both of them.
lated at short distances by attractive strong interactions, thelyurther, in Ref[13] it has been shown that finding the true
are anticorrelated at large distances because of the Coulongioound state—among the many metastable states—of a spin
repulsion. Often these short and large distance scales are wegllass shares features in common whiiP-completeprob-
separated, so nucleons bind into nuclei that are segregatedlgms, such as thi#aveling salesman problewf fame in the
a crystal lattice. However, at densities of the order of*10 theory of combinatorial optimizatiofil4]. Finally, because
-10" g/cn? these length scales are compardfille Compe-  Of the preponderance of low-energy states, frustrated systems
tition among these interactiortise., frustration) becomes re- ~ display unusual low-energy dynamics.
sponsible for the development of complex structures with Because of the complexity of the system, almost no work
many possible nuclear shapes, such as spheres, cylinders, figs Peen done on the low-energy dynamics of the pasta or on
plates, as well as spherical and cylindrical voi@. The its response to weakly interacting probes. In this paper we

termpasta phasebas been coined to describe these compleﬂu‘n; tthe eX.C't.?t'otnStﬁf the paztz? V('ja a sfgnprl]e sem_chaSS||<|:_aI
structures[1], and many calculations of their ground-state simuiation similar to those used to describe heavy-ion colii-

. sions. Heavy-ion collisions can produce hot, dense matter.
structure have already pegn report&dq. Wh|le thg stud_y However, by carefully heating the system and allowing it to
of these pasta phases is interesting in its own right, it be

due to its rel io the struct expand, heavy-ion collisions can also study matter at low
cr?m_es even mo:ce SO dué 1o 1ts redevanﬁe do es rucfure Bensities. Multifragmentation, the breakup of a heavy ion
the inner crust of neutron stars and to the dynamics of COrer, several large fragments, shares many features with pasta
collapse supernovae.

; . . formation, as they are both driven by the same volume, sur-
Frustration, a phenomenon characterized by the eXISteNGgce and Coulomb energies. There have been several classi-
of a very large number of low-energy configurations, .., ['15 16 and quantum-molecular-dynami¢®MD) [17]
emerges from the impossibility to simultaneously minimize g, 1ations of heavy-ion collisions. These same approaches
all “elementary” interactions. Should a proton in the past%ay be applied to the nuclear pasta by employing a simula-
join a nqclear c_Iuster to benefit from th? nuplear attraction O%on volume and periodic boundary conditions. One great
shoulq It remain W?” separated to minimize the COUIOmbadvantage of such simulations is that one can study pasta
repulsion? Frustration, a term that appears to have beggymation in an unbiased way without having to assume par-

coined in the_latef seventigy 8], is 1prevalent in cforlgplex ticular shapes or configurations from the outset. While QMD
systems ranging from magnetisf8,10 to protein folding 545 heen used before to study the structure of the pasta

[11]. In condensed-matter systems, frustration dates back ‘ﬂs-zq, no calculations of its linear response to weakly in-
teracting probese.g., neutrinoghave been reported.
Neutrino interactions are crucial in the dynamics of core-

*Electronic address: horowit@indiana.edu collapse supernovae because neutrinos carry 99% of the en-
"Electronic address: mperezga@indiana.edu ergy. Neutrinos are initially trapped due to the large coherent
*Electronic address: jorgep@csit.fsu.edu neutrino-nucleus elastic-scattering cross section. This trap-
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ping is important for the electron-per-baryon fractigpof  (perhaps minimalmodel is employed that contains the es-
the supernova core, as it hinders any further conversion afential physics of frustration. The linear response of the pasta
electrons into neutrinos. However, with increasing densityto neutrino scattering, in the form of a static structure factor,
Coulomb interactions between ions lead to significant ions discussed in Sec. lll. Results are presented in Sec. IV,

screening of neutrino-nucleus elastic scattefidgj. As the  while conclusions and future directions are reserved to Sec.
density is increased still further, the ions react to formy,

nuclear pasta and one needs to calculate neutrino-pasta inter-
actions.
In the pasta phase one can have coherent neutrino scatter- Il. FORMALISM
ing from density contrasts, such 8sviss-cheeskke voids.
Critical fluctuations could significantly increase the cross In this section we introduce a classical model that while
section, thereby greatly reducing the neutrino mean fregimple, it contains the essential physics of frustration; that is,
path. As the existence of many low-energy configurations i€ompeting interactions consisting of a short-range nuclear
the benchmark of frustrated systems, one expects large coattraction and a long-range Coulomb repulsion. We model a
figuration mixing among the various different pasta shapescharge-neutral system of electrons, protons, and neutrons.
This mixing often leads to interesting low-energy collective The electrons are assumed to be a degenerate free Fermi gas
excitations. As it will be shown lategsee Fig. 2 at sub-  of density p.=p, and the nucleons interact via a classical
nuclear densities of the order of @/cn?, the pasta re- potential. The only quantum aspects of the calculation are the
sembles a collection of spherical neutron-rich nuclei embedyse of an effective temperature and effective interactions to
ded in a dilute neutron gas. Neutron-rich nuclei with largesimulate effects associated with quantum zero-point motion.
neutron skins hav®ygmy giant resonancegvolving col-  Of course more elaborate models are possible and these will
lective oscillations of the neutron skin against the symmetrigge presented in future contributions. For these first simula-
core[22,23. We expect that the soft neutron-rich pasta will tions we adopted a very simple version that displays the
have many low-energy collective oscillations. This couldessential physics of nucleons clustering into pasta in a trans-
provide important physics that is presently missing fromparent form. Moreover, this simple model facilitates simula-
core-collapse supernovae simulations. Neutrino excitation ofions with a relatively large numbers of particles, a feature
the low-energy pasta modes may allow for a significant enthat is essential to estimate and control finite-size effects.
ergy transfer to the nuclear medium, potentially reviving the The total potentiavtot energy is assumed to be a sum over
stalled supernovae shock. To our knowledge, there have be@fo-body interactions/;; of the following form:
no calculations of these effects. Note, however, that Reddy,
Bertsch, and Prakadi24] have found that coherent neutrino Vit = 2 V(i j), (1)
scattering from a nonuniform kaon condensed phase greatly i<j
decreases the neutrino mean frge path. where the “elementary” two-body interaction is given by
Present models of the equation of state for supernovae
simulations, such as that of Lattimer and Sweg§], de- V(@i,j) :ae"ﬁ’A+[b+CTz(i)rZ(j)]e‘*ﬁ/2A+Vc(i,j). 2)
scribe the system as a liquid drop for a single representative
heavy nucleus surrounded by freeparticles, protons, and Here the distance between the particles is denoted;by
neutrons. One then calculates neutrino scattering from thesgri—r;| and the isospin of thgth particle is7,(j)=1 for a
constituents—by arbitrarily matching to a high-density uni-proton andr,(j)=-1 for a neutron. The model parameters
form phasg26]. Unfortunately, this approximation is uncon- &, b, ¢, and A will be discussed below. It suffices to say
trolled as it neglects many important interactions betweerthat the above interaction includes the characteristic
nuclei. By simulating the pasta phase directly in the nucleorintermediate-range attraction and short-range repulsion of
coordinates, one hopes to improve on this matching and tthe nucleon-nucleotiNN) force. Further, the isospin de-
understand its limitations. pendence of the potential ensures that while pure neutron
There is a duality between microscopic descriptions of thematter is unbound, symmetric nuclear matter is bound ap-
system in terms of nucleon coordinates and “macroscopicpropriately. Finally, a screened Coulomb interaction of the
descriptions in terms of effective nuclear degrees of freedonfollowing form is included:
Thus, a relevant question to pose is as follows: when does a &2
neutrino scatter from a nucleus and when does it scatter from V(i j) = —€ it r(i) o)), (3)
an individual nucleon? At the Jefferson Laboratory a similar Fij

guestion is studied; when, i.e., at what momentum transfe =1+ (i : :

does a photon couple to a full hadron and when to an indiENhereTp(J) [1 TZ.(J)]/Z an(_j)\ 1S the screening Iength that_

vidual auark? Models of the quark/hadron duality have ro_results from the slight polarization of the electron gas; that is,
. quark: € quark Y Pr9%he relativistic Thomas-Fermi screening length is given by

vided insight on how descriptions in terms of hadron degrees

of freedom can be equivalent to descriptions in terms of T 5

quark coordinate$27]. Here we are interested in nucleon/ A= E(kFVkF““me) e, (4)

nuclear duality, that is, how can nuclear models incorporate

the main features of microscopic nucleon descriptions?  Note that the electron Fermi momentum has been defined by

The manuscript has been organized as follows. In Sec. lke=(37%pe)*® andm, is the electron mag®8,29. Unfortu-

the semiclassical formalism is introduced. A very simplenately, while the screening lengihdefined above is smaller
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than the length. of our simulation box, it is not significantly <140
smaller (unless a prohibitively large number of particles is <120} g
used. Therefore, to control finite-size effects we were forced pe ook N ]
to arbitrarily decrease the value bf(see Sec. IV. o . ]
The simulations are carried out in a canonical ensemble ; ]
with a fixed number of particled at a temperatur&. The 605 ]
volumeV at a fixed baryon density is simply V=A/p. To 40F E
minimize finite-size effects we use periodic boundary condi- 20} e

tions, so that the distanag is calculated from the, y, and ok g E
z coordinates of théth andjth particles as follows: _20:fw-a-e.@-e.%_%w.o»«r@“@' 1
f 0 o W) 03 07 05
ry =\ =P+ Ly -y +[z - 2%, (5) b (frn™)
L . 13
;’;hgei\r/ee;hsypermd'c distance, for a cubic box of sideV™", FIG. 1. Energy per particle for symmetridashed lingand for

pure-neutron matteisolid) vs baryon densityb at a temperature of
[17=min(i],L = 1] (6 TTiMeV.

The potential energy defined in E@) is independent of energy per nucleon of symmetric nuclear mat¢by,(a rea-
momentum. Therefore, the partition function for the systemsonable value fgrthe binding energy per nucleon of neutron
factors into a product of a partition function in momentum matter at saturation density, agt) (approximate values for
space—that plays no role in the computation of momentumthe) binding energy of a few selected finite nuclei. The tem-
independent observables—times a coordinate-space partitigperature was arbitrarily fixed at 1 MeV for all the calcula-

function of the form tions. Note that the parameter set employed in these calcula-
tions (and displayed in Table)lhas yet to be carefully

| B ... 3 _ optimized. We reiterate that for these first set of simulations,

ZATV) J ory - dra eXp= Vil T). @) the interaction is sufficiently accurate to describe the essen-

_ _ ) tial physics of the pasta. Indeed, this is illustrated in Fig. 1
Note that the three-dimension@D) integrals are performed 5nq Table II. In Fig. 1 the average potential energy versus

over the simulation volum¥. , density at a temperature af=1 MeV is displayed for a
The average energy of the syst€)=(K)+(Viop is made  gimylation of symmetric nuclear matter containiAg 400
of kinetic{K) and potentiakVi,) energy contributions. As particles and, as is customary, assuming no Coulomb inter-
the (momentum-independeyinteractions have no impact on actions. Also shown in the figure is the potential energy for
momentum-dependent quantities, the expectation value qfure neutron matter calculated wilk=200 particles. In the
the kinetic energy reduces to its classical value, thatis,  case of finite nucle{also calculated aT=1 MeV) the full
3 Coulomb interaction is included using a screening length
(K)=2AT. (®) much larger than the resulting root-mean-square radius of the

In turn, the expectation value of the potential energy may pducleus. Simulations based on a Metropolis Monte Carlo al-

computed from the coordinate-space partition function agorithm were used to compute the average potential energy,
follows: starting with nucleons distributed uniformly in a sphere with

a radius comparable to the expected size of the nucleus; this
_ 1 3 3 sphere was placed in the center of a very large box. Results
Moy = ZATV) ary - draVio €Xp—Viod ). () of the simulations and comparison with experimental values
Y have been collected in Table Il. Note that the simulation
In summary, a classical system has been constructed withrasults are for the potential energy only. If the kinetic energy
total potential energy given as a sum of two-bodyper nucleon(3T/2) is added to these values, the nuclei in
momentum-independent interactioisee Eq. (2)]. Any  Table Il would be slightly underbound. Furthermore, finite
momentum-independent observable of interest can be calcuuclei are only metastable in this semiclassical approxima-
lated from the partition functiofEq. (7)], which we evaluate tion. Nucleons can evaporate over a very long time scale.
via Metropolis Monte Carlo integratiof80].

We now return to discuss the choice of model parameters. TABLE Il. Binding energy per nucleon for various closed-shell
The constants, b, ¢, andA in the two-body interaction Eq. nuclei. Note that all energies are in MeV and that the Monte Carlo
(2) were adjusted—approximately—to reproduce the follow-results include onlyVie.
ing bulk propertiesi(a) the saturation density and binding

Nucleus Monte CarlgV,qp Experiment
TABLE |. Model parameters used in the calculations. 160 —7.56+0.01 -7.98
40ca -8.75+0.03 -8.45
a (MeV) b (MeV) ¢ (MeV) A (fm?) %07, —0.13£0.03 _8.66
110 -26 24 1.25 208pp -8.2+0.1 -8.45
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However, this is not expected to significantly impact the If nucleons cluster tightly into nuclei or into pasta, then

pasta phases since these already have free nucleons. the scattering from different nucleons could be coherent.
This will significantly enhance the cross section as it would
IIl. NEUTRINO SCATTERING be proportional to thequareof the number of nucleorn82].

The contribution from the vector current is expected to be

The model is used to describe neutrino scattering fromzoherent. Instead, the strong spin and isospin dependences of
nonuniform neutron-rich matter. As neutrino interactionsthe axial current should reduce its coherence. This is because
play a predominant role in core-collapse supernovae, one i nuclei—and presumably in the pasta—most nucleons pair
interested in understanding how the neutrinos diffuse anggf into spin singlet stategnote that in the nonrelativistic
how do they exchange energy. In this first paper we focus ofimit the nucleon axial-vector current becomegyr,
the transport mean free path for, and v, which lack ., —47) Therefore, in this paper we focus exclusively on
charged-current interactions at low energies. Their mean freggherence effects for the vector current.
path is dominated by neutral current neutrino-nucleon scat- Cgherence is important in x-ray scattering from crystals.

tering. Because the x-ray wavelength is comparable to the interpar-
The.frecla-sp.ace cross section for neutrino-nucleon elastigcle spacing, one needs to calculate the relative phase for
scattering is given by scattering from different atomic planes and then sum over all
do G2E2 planes. Neutrim_)—pasta scattering involves a similar sum be-

— = F—”[cg(s - cosé) + cf(l +cos6)], (10) cause the neutrino wavelength is comparable to the interpar-

dQ 47 ticle spacing and even to the intercluster spacing. Therefore,

where G is the Fermi coupling constanE, the neutrino  O"€ must calculate the relative phase for neutrino scattering
14

energy, andd the scattering angle. Note that this equationfrom different nucleons and then add their contribution co-
neglects weak magnetism and other corrections of orddperently. This procedure is embodied in the static structure
E,/M, with M being the nucleon mag81]. factorS(g).

In the absence of weak magnetism, the weak neutral cur- The dynamic response of the system to a probe of mo-
rentJ, of a nucleon has axial-vectdrysy,) and vectory, mentum transfeq and energy transfar)>0 that couples to
contributions: that is, the weak charge densif)(q) is given by[28]

Ju=Ca¥sVu t CyYp- (12) S, 0) = 2 (W) ¥o) 28w~ o), (16)
The axial coupling constant is "o

where w,, is the energy difference between the excited state
C.= %(ga: 1.26, (12) |¥,) and the ground statfV). In linear-response theory,

2 namely, assuming that the process can be treated in lowest
order(an excellent approximation for neutrino scattejitige
cross section can be directly related to the dynamic response
of the system. In the case that the individual excited states
may not be resolved, then one integrates over the energy
transferw to obtain the static structure factor. Here we define
c,= % - 2sirfé,y = 0.038= 0. (13)  the static structure factqrer neutronas follows:

with the + sign for neutrino-proton and the - sign for
neutrino-neutron scattering. The weak charge of a prafon
is suppressed by the weak-mixingr Weinberg angle
sirf6,=0.231,

In contrast, the weak charge of a neutron is both large and
insensitive to the weak-mixing angle;=-1/2. The trans-
port mean free path, is inversely proportional to the trans-
port cross sectiom; and is given by the following expres- with the weak vector-charge density given by
sion:

> K lp@)[ T2, (17)

1
Nn;EO

1 o0
Sq) = Nfo S(g, w)dw =

N

2G2E2 = > expliq-r)), 18
at:fde—S(l—cos@):3—F”(5c§+c§). (14) Pl .21 pa -y 19
o

where the sum in E(18) is only over neutrons.
The cross sectioper neutronfor neutrino scattering from
e whole system is now given by

The weighting factor(1-cos#) included in the definition
of the transport cross section favors large-angle scatteringh
as momentum is transferred more efficiently into the me-

dium. As a result, the axial-vector contributi@g domi- 1 do G2E21

nates the cross section. Assuming that the scattering in the NE = S(Q)4—ﬂ2”2(1 +co0s6). (19
medium is the same as in free space, the transport mean-

free path becomes Note that the weak charge of the nucle@p~0 for protons

= Py m-1 15 andc,=-1/2 for _neutron)s has been inco_rpo_rated into the
t (ppat Pro) (15 above cross section, so that the normalization of the weak

Herepy, (py) is the proton(neutron density ands{ (of) isthe  vector-charge density is(q=0)=N. Further, Eq.(19) is the
transport cross section for scattering from a prgtoeutron). cross section per neutron obtained from EH0) (with c,
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=0) multiplied by S(g). This indicates tha(q) embodies probability of finding another one a distanfré away. The
the effects from coherence. Finally, note that the momentungorrelation function is normalized to 1 at large distances,
transfer is related to the scattering angle through the followg(r —<)=1; this corresponds to the average density of the
ing equation: medium. The static structure factor is obtained from the Fou-
) 5 rier transform of the two-neutron correlation function. Com-
q° = 2E,(1 - cos6). (20 paring with Eq.(23) this yields

Two assumptions have been made in the derivation of Eq.
(19). First, no contribution from the axial current to the cross S(g)=1 +pnf d®[g(r) - L]expiq -r). (26)
section has been included, because nucleons pair into spin-
zero states. Second, the excitation energy transferred to thghe i=j terms in Eq.(23) gives the leading 1 in the above
nuc_leons is smgll and we have summed over all possiblexpression, while the elastic form fact¢f¥,|p(q)|Wo)|?
excitation energies. _ o ~ yields the -1 in the integrand of E(R6).

The static structure factor has important limits. A particu-" 14 gbtain the transport cross section we proceed, as in Eq.
larly useful form in which to discuss them invokes complete-(10)  to integrate the angular-weighted cross section
ness on Eq(17), that is, do/dQ(1-cos#) over all angles, that is,

1 R R n
S(q) = N((‘I’o|PT(Q)P(Q)|‘1’o> = (olp(a)|¥l?). (21) o= % f de—g(l - c0s6) = (S(E,))a?. (27)

The last term in the above expression represents the elastigyte that the free neutron croe{i follows directly from Eq.
form factor of the system, which only contributesggt0. In - (14) in the limit of c,=0,

the limit of g—0, the weak charge densif{q. (18)] be- -
comes the number operator for neutrgitg=0)=N, so that o_ GrE,

; oy = . (28)
the static structure factor reduces to 67

1 oo o Further, the angle averaged static structure factor has been
S(q=0) = N«N ) = (N)9). (22)  defined as follows:
1
Thus, theq— 0 limit of the static structure factor is related to (S(E,)) = §J dx(1 -xdS(q(x,E,)), (29)
the fluctuations in the number of particles, or equivalently, to 4]

the density fluctuations. These fluctuations are, themselves,h h . ¢ q d .
related to the compressibility and diverge at the critical pointV/Nere the static structure fact&Xq) depen >on heutrino
[33]. To discuss the large limit, Eq. (18) is substituted into  €nergy and angle through EO), that is, q"=2E,(1-x)

Eg. (21) to yield with x=cos 6. Using EQq.(26) and switching the orders of
integration, this can be written as

N

1 oo

== iq-r - p; 2 4
S(q) = N(% (Wolexpliq rlj)|\PO> (Wolp(a)| W)l ) ) (SE))=1+ %f dr f(2E,n)[g(r) - 1]. (30)
: 2 Jo
(23

Note that the following function has been introduced
In the q— o° limit, all the terms in the sum with+ j, as well _ , 4 , 2
as the second term in the above expression, oscillate to zero.f(t) = 72cost+t sint = 1)/t"~ 6(5 cost +t sint + 1)/t*.

This only leaves thé=] terms, which there ars of them so (32

that Finally, the transport mean free path=1/0p,) is given by

' = otpu(S(E,). (32)
This result indicates that if the neutrino wavelength is muc . . .
shorter than the interparticle separation, the neutrino onlrllf‘ this way (S(E,)) describes how coherence modifies the

resolves one nucleon at a time. This corresponds to quasiP€an free path. In the next section, simulation results for the

elastic scattering where the cross section per nucleon in tHuo-neutron correlation function, the static structure factor,

medium is the same as in free space. and the angle averaged static structure factor will be pre-
One can calculate the static structure factor from theented-

neutron-neutron correlation function which is defined as fol-

lows: IV. RESULTS

S(q— ) =1. (24)

N
1 In this section we present our simulation results. As an
g(r)= N_%g (Wol&r —ri,-)|‘1'o>. (29 example of a typical low-density condition we consider a
7 subnuclear density 06=0.01 fn3 (about 1/16 of normal
The two-neutron correlation function “ask&nd “answersf  nuclear density a temperaturd =1 MeV, and an electron
the following question: if one “sits” on a neutron, what is the fraction of Y,=0.2. Proto-neutron stars have electron frac-
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tions that start out near 1/2 and drop with time,¥%&=0.2 )
represents a typical neutron-rich condition. Monte Carlo ﬁ ’ i X
simulations for a total ofA=4000 particles(N=3200Z o' : 3
=800 have been performed. Because of the many competing A
o5
%

minima, a significantly larger system would take an unrea-
sonably long time to thermalize on a modest work station
(see details beloy

The simulation volume for the above conditions consists

g .

2
>

of a cube of length.=73.7 fm. While this value is larger * - 5
than the electron screening lengtk 26.6 fm[see Eq(4)], it e & , Q; -
is not sufficiently larger. Indeed, to minimize finite-size ef- | b &4 »
; ; ; ; P " : : : : m
fects in a simulation with periodic boundary conditions one (') 15 30 45 60 7'5

would like exp—-L/(2\)]<1. Clearly, this condition is not
adequately satisfied. Therefore, in an effort to minimize the FIG. 2. (Color onling Monte Carlo snapshot of a configuration
contamination from finite-size effects, we reduce the electromf N=3200 neutronglight gray circle3 and Z=800 protong(dark

screening length—arbitrarily—to the following value: red circle3 at a baryon density 0p=0.01 fm3, a temperature of
T=1 MeV, and an electron fraction of,=0.2. 3D imaging cour-
A= 10 fm. (33 tesy of the FSU Visualization Laboratory.

This value for\ is adopted hereafter for all of our simula- molecular-dynamics calculations will be described in future
tions (see also Ref18]). This smaller screening length de- work. This led to an increase in the peak $fj) by only
creases slightly the Coulomb interaction at large distancegbout 10%. Although these molecular dynamics results did
which could promote the growth of slightly larger clusters. not reveal a large secular change in the system with time, we
However, we do not expect this decrease ito qualitatively  caution that our cooking procedure may not have converged
change our results. We note thatis still larger than the to the true thermal-equilibrium state. The static structure fac-
typical size of a heavy nucleus. tor S(g) may still change with additional Metropolis Monte
By far, the most time consuming part of the simulation isCarlo or molecular-dynamics evolution.
producing suitable initial conditions. The simulations are The neutron-neutron correlation functigfr) is displayed
started with theA=4000 nucleons randomly distributed in Fig. 3. The two-neutron correlation function is calculated
throughout the simulation volume. Next, we perform a totalpy histograming the relative distances between neutrons. The
of about 325000 Metropolis sweeps starting at the highetorrelation function is very small at short distances because
temperature of =2 MeV and reducing the temperature until of the hard core in ouNN interaction. At intermediate dis-
eventually reaching the target temperaturd efl MeV, ina  tancesg(r) shows a large broad peak between2 fm and
“poor's-man” attempt at simulated annealing. Note that & ~ 10 fm. This corresponds to the other neutrons bound into
Metropolis sweep consists of a single trial move for each ofy cluster. Superimposed on this broad peak one observes
the A=4000 particles in this system. We call this procedurethree(or four) sharper peaks corresponding to nearest, next-
cooking the pasta. to-nearest, and next-to-next-to-nearest neighbors. These
Results in this section are based on a statistical average gfructures describe two-neutron correlations within the same
the final 50 000 sweeps. This yields a potential energy otjuster. At larger distances, between 10 and 20 fm, the cor-

—5.38520.003 MeV/nucleon. A sample configuration of therelation function shows a modest dip below 1, suggesting
4000 particles is shown in Fig. 2. The protons are strongly

correlated into clusterg'nuclei”) as are a large number of 6 -—
neutrons. In addition, there is a low-density neutron gas be-

tween the clusters. At this density it may be reasonable to 5r

think of the system as a high-density liquid of “conven- i

tional” nuclei immersed in a dilute neutron gas. A great vir- 4r

tue of the simulation is that one does not have to arbitrarily ~ _ |

decide which nucleons cluster in nuclei and which ones re-  %3[

main in the gas. These “decisions” are being answered dy- 2'

namically. Further, one can calculate modifications to nuclear

properties due to the interactions. In a future work we plan to

compare our simulation results to some conventional nuclear

models. ol
Protons moving between clusters face a Coulomb barrier. 0 10 20 30 40 50

This may inhibit the thermalization process and with it the r(fm)

formation of larger clusters. This could increase our results g|G, 3, Neutron-neutron correlation function at a temperature of

for S(q). To test the thermalization of the pasta, our Metropo-t=1 MeV, an electron fraction 0f,=0.2, and a baryon density of

lis Monte Carlo configuration was evolved further via mo- p=0.01 fn73. These results show large finite-size effects beyond

lecular dynamics for a total time of 46500 f;m/ The =L/2=36.9 fm.

045804-6



NEUTRINO-“PASTA” SCATTERING: THE OPACITY.. PHYSICAL REVIEW C 69, 045804(2004)

S(@

I Il | Il I
I T T T I fm
0 15 30 45 60 C s T
0.4 0.5 0.6 0.7
FIG. 4. (Color online Monte Carlo snapshot of a configuration q(fm™)
of N=3200 neutronglight gray circles and Z=800 protongdark

red circles at a baryon density g6=0.025 fnT3, a temperature of FIG. 5. Static structure fact@(q) vs momentum transfey at a

T=1 MeV, and an electron fraction of,=0.2. 3D imaging cour- temperature off=1 MeV, an electron fraction o¥.=0.2, and a
tesy of the FSU Visualization Laboratory. baryon density opp=0.01 fn73. The error bars are statistical only.

Finite-size effects may be important at smglés indicated by the

that the attractiveNN interaction has shifted some neutrons dotted error bars.
from larger to smaller distances in order to form the clusters.
Alternatively, Coulomb repulsion makes it less likely to find for q=2q,,, may be sensitive to finite-size effects. In-
two clusters separated by these radii. Finally, there is aneed, forg=< 2q,,, the static structure factor was observed
abrupt drop ing(r) at a distance corresponding to half the to change significantly from one Metropolis run to the
value of the simulation lengtfr=L/2=36.9 f) caused by next. To indicate the sensitivity of our results to finite-size
finite-size effects. We note that under our assumptions ogffects, Fig. 5 displays the static structure factor in the
periodic boundary conditionsy(r) is identically zero for <2q;, region with dotted error bars. Note that the point
r>+3L/2. d=0min has been signaled out in Fig. 5 to indicate that it is

Increasing the density can change the nature of the pastmore stable from one Metropolis run to the next, because
Figure 4, shows a sample configuration of 4000 particles at ghe weak vector-charge densitgq. (18)] evaluated ag
density of 0.025 fri’. Note that although the density has =q,i,0 is invariant under a translation of the system by a
increased, both the temperature and the electron fractiogistancel alongg.
have remained fixed dt=1 MeV andY,=0.2, respectively. The static structure factor displays a large peakqat
At a density 0fp=0.025 fnT° (about 1/6 of normal nuclear- _ g 3 o1 corresponding to coherent scattering from many
matter saturation densjtghe spherical clusters of Fig. 2 start o, 4rons hound into a single cluster. At smaller momentum

to coalesce intaylindrical-like structures. The system ap- . qtersq~0.2 fril, 5(q) decreases because of ion screen-
pears to be segregated into high-density regions of cyl|ndr|.-n Here the neutrino wavelenath is so long that it brobes
cal nuclei immersed in a dilute neutron gas. As we continué"9: 9 9 P

to perform additional simulations, high-quality renderings of MultiPle clusters. These other clusters screen the weak
nucleon configurations for a variety of densities, temperacharge and reduce the response. At momentum transfers
tures, and electron fractions will be developed. larger thanq~0.3 fn~, the static structure factor decreases
To compute the static structure fact8i), one numeri- with increasingg. This is the ef_fect of the cluster for_m factor.
cally transforms the two-neutron correlation function, as in-AS the momentum transfer increases the neutrino can no
dicated in Eq.(26). However, because of finite-size effects longer scatter coherently from all the neutrons in a cluster
we truncate the integral at=L/2 and assume(r)=1 for ~ because of the cluster’s extended size. Thus, the observed
r>L/2. This procedure yields the results displayed in Fig. 5Peak inS(q) develops as a trade-off between ion screening,
There is a modest peak 8iq=0) due to density fluctuations. Wwhich favors largeg, and the cluster form factor, which fa-
Of course, the number of neutrons in our simulation remaingors smallg.

fixed, yet fluctuations can take neutrons acrossrthe/2 In summary, one can divide the response of the pasta into
cutoff and these fluctuations will contribute to the value ofthe following regions. At low-momentum transfer
S(g) atq=0. =0.2 fm!) the response is dominated by ion screening and

The error bars in Fig. 5 are statistical only, based on thelensity fluctuations. For momentum transfers in the region
last 50 000 sweeps. We caution that there may be finite-sizg=0.2—0.4 fm* one observes coherent scattering from the
effects at small momentum transfers. The box size for oupasta. At the larger momenta g&0.4—1 fn?, the falling
simulation atp=0.01 fnT is L=73.7 fm. This corresponds response reflects the pasta form factor. Finally, the large mo-

to a minimum momentum transfer of mentum transfer region abovg=1 fm™ corresponds to
o quasielastic scattering from nearly free neutrons,S&s
Oin =~ = 0.085 fmt. (349  —oo)=1[see Eq(24)].

The angle averaged structure fac{&E,)) [defined in
Momentum transfers smaller thap,, correspond to wave- Eq.(29)] is shown in Fig. 6. Note that the integral in E§0)
lengths larger than the simulation volume, so our resultsvas also truncated at=L/2 because of finite-size effects.
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properties of core-collapse supernovae, such as its electron
fraction.

In this work we have employed a semiclassical model to
simulate the dynamics of the pasta phase of neutron-rich
matter. Although our model is very simple, it nonetheless
retains the crucial physics of frustration. Using a Metropolis
Monte Carlo algorithm, the partition function was computed
for a system of 4000 nucleons at a given temperature and
density. We find that almost all protons and most of the neu-
trons cluster into nuclei that are surrounded by a dilute neu-
tron gas.

Observables computed in our simulations included the
neutron-neutron correlation function. This calculation was
implemented by constructing a histogram of all relative neu-

FIG. 6. Angle averaged static structure fact&E,)) versus
neutrino energy, at a temperature of=1 MeV, an electron frac-
tion of Y,=0.2, and a baryon density @f=0.01 fni3. The error
bars are statistical only, see text.

tron distances. The two-neutron correlation functig)
gives the probability of finding a neutron at a distan@avay
from a reference neutron. A large pealgii) at intermediate
distanceqr=2-10 fr) is found. This reflects the presence
of the other neutrons in the cluster.

T_he averaged structure factor shows a broad peak for neu- The static structure fact@(q), a fundamental observable
t_nno_engrg[e_s near 40 MeV. Indeed, the transport cross S€8btained from the Fourier transform of the two-neutron cor-
thn IS S|gn.|f|cantly enhanced by coherence e_ffects for NeUzelation function, describes the degree of coherence for
trino energies from about 20 to 80 MeV. The impact of thISneutrino—nucleon elastic scattering. For small momentum

coherence on the neutrino mean free ph. (32)] is dis- transfers,S(q) describes density fluctuations and ion screen-

layed in Fig. 7. Also shown in the figure is the mean free, . . . ;
gati/] obtaingd by ignoring coheren?:e effects by settin ing. In this region the neutrino wavelength is longer than the

(S(E,))=1 in Eq.(32). Coherence significantly reduces thegaverage intercluster separation, there_by allowing other clus-
. L ters to screen the weak charge of a given cluster. At momen-
mean free path for neutrino energies in the .rar‘@,e tum transfers of~q=0.2—-0.4 fm?, the static structure factor
=15-120 MQV' Agaln! finite-size effects may be Importantdevelops a large peak, associated to the coherent scattering
for low neutrino energies. from all the neutrons in the cluster. This coherence is respon-
sible for a significant reduction in the neutrino mean free
path. To our knowledge, these represent the first consistent
calculation of the neutrino mean free path in nonuniform

Neutron-rich matter is expected to have a complex StrUCH o itron-rich matter.

Sul fom ffUstration through the compeliion between an aty. 1OWEVEr: much remains to be done. First, one needs to
tractive nuclear interaction and the Coulomb reloulsionfocus on the thermalization of our simulations. It is dlf.f|'cu'lt
Neutrino interactions with the pasta may be important forl0 ensure that the system has reached thermal equilibrium
because the Coulomb barrier hinders the motion of indi-

vidual protons. Second, one must further investigate the im-
pact of finite-size effects and the simple treatment of long-
EoN ] range Coulomb interactions on our simulations. This may
NN ] require simulations with larger numbers of particles, as it is
ook tE 4 difficult to fit a long-wavelength neutrino into the present

g ] simulation volume. Third, while we have focused here on the
] vector part of the weak-neutral-current response, because it

T . ] can be greatly enhanced by coherence, one should extend the
oo T R 3 study to the axial-vectofor spin response, as it dominates
: the scattering when it is coming from uncorrelated nucleons.
Further, one should also calculate charged-current interac-
tions in nonuniform matter. Finally, in the present contribu-
tion no effort was made to optimize thdN interaction.
While it may be advantageous to do so, @wgurately cali-
bratedinteraction must retain the essential features of frus-
energyE, at a baryon density 95=0.01 fn3, a temperature of  tration. Moreover, more sophisticated interactions that in-
=1 MeV, and an electron fraction of,=0.2. The solid line and clude momentum and/or density dependence will
error bars include full coherence effects while the dashed line igignificantly increase the computational demands. At present,

V. CONCLUSIONS

10000 pr————————————————

A, (m)

L l 1 1
105 20 80 100

FIG. 7. Transport mean free patj for v, or ». vs neutrino

obtained by usindS(E))=1 in Eq.(32). Error bars are statistical
only. Finite-size effects may be important for Idw as indicated by

the dotted error bars.

we are checking our results against more sophisticated simu-
lations using molecular dynamics, studying finite-size effects
in larger simulations, exploring the temperature and density
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