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Many-body corrections to charged-current neutrino absorption rates in nuclear matter
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Including nucleon-nucleon correlations due to both Fermi statistics and nuclear forces, we have developed a
general formalism for calculating the charged-current neutrino-nucleon absorption rates in nuclear matter. We
find that at one-half the nuclear density many-body effects alone suppress the rates by a factor of 2 and that the
suppression factors increase+® at 410 g cm 3. The associated increase in the neutrino-matter mean
free paths parallels what we have found for neutral-current interactions and may open up interesting possibili-
ties in the context of the delayed supernova mechanism and protoneutron star cooling.
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PACS numbgs): 26.50+x, 11.80.Jy, 25.30.Pt, 26.66c

I. INTRODUCTION enology of nuclear matter. A complementary development
can be found in Reddgt al. [4].
The neutrino absorption and scattering opacities in the
post-shock core of a supernova, in which nuclei are largely Il. MANY-BODY FORMALISM
disintegrated into nucleons, determine the duration, spec- FOR CHARGED-CURRENT RATES

trum, and flavor distribution of the emerging neutrino pulse. The ch q tint . f th | di
The neutrino-matter interaction rates can be related to the € charged-current interactions or the nuclear meadium

space- and time-dependent correlations among the set 8f¢ detgrmined by the statistica'tl averages involving  the
density operators for the separate nuclear constitugats Nucleonic charged-current operatr=p7y,(1-9gays) ¥n

find the Gamow-Teller parts we must consider separat@nd its Hermitian conjugate

spin-up and spin-down densitjedn the case of neutral- i

current interactiong1], there is an instructive limit, which W, (q,0)= —iZflf d¥xe a9 Xgllermlt

also provides an estimate of the effects, in which the com-

bined limits of large nucleon mass and small neutrino energy xTr{e’B(H*EP-iNi)[jM(X't),jI(O,O)]}g(t),

allow the use of long-wavelength limits of equal-time corre-

lation functions, in turn expressible in terms of the second (@)
derivatives of an energy density functional with respect to . - : A .
various densities. Thisg);pproacxé\ is the direct muIticF:)hanne\fvherez 's the partition function ang. is the chemical po-

generalization of the familiar results for light scattering from tential difference, =y,~p,. The vector §,o) is the
the thermal density fluctuations in a fluid, where it is theMOmentum-energy transfer from the leptons to the medium.

compressibility that determines the long-wavelength opacityThe transition rate, differential in angle and for the reac-

and it was used in Ref§2] and[3] to find significant reduc- tion ve+n—e” +p is given in terms oW, as

tions of the neutral-current opacity in certain regions. In Bur- AT (ve—e) (E;— @) 1—fo(E;— )]
e 2 e

rows and Sawyelrl], an approach based on ring graphs was T:(sz)_lGW _

used to encompass these results and to extend them to do- 9¢d €0 0) 1-exg—Blo+u)]

mains in which the equal-time and long-wavelength limits X A*(q, @) ImMW,,,(q, ) 2
’ I,L]} L L

are not clearly applicable.
The use of the equal-time and long-wavelength limits toyhere
express correlation functions in terms of static susceptibili-
ties cannot be extended to the charged-current interactions ~ A#"=(4E,E,) T py(1— v5) y*Poy"(1—y5)], (3)
when there is a large chemical potential difference between
protons and neutrons. In the present work, we give a theoq=[E§+(El—w)2—2E1(E1—w)cose Y2 andE; in the in-
retical framework for addressing these opacities, based ocident neutrino energy. To verify the factors in EQ) re-
summing ring graphs, together with the results of calculaplace the commutator in Eql) by the unordered product,
tions with input parameters taken from the current phenomthe 6(t) function by 1/2 in order to capture the imaginary
part, and the statistical factor in the denominator by unity.
Then, the introduction of a complete set of states between the
*Electronic address: burrows@as.arizona.edu current operators gives the inclusivg—e™ rate. Recalling
TElectronic address: sawyer@sarek.physics.ucsb.edu that the Heisenberg picture for the density operators is de-
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fined with respect to the operatét— 2 u;N;, we note that

the e'#! factor in Eq.(1) will be canceled before the time
integral is performed. The other term in the commutator — B(H=SuNy) +
gives the same answer, but with an additional factor XTrle HR{Nn(x,1),nc (0,01} 6(1).
—exfl—B(w+w)]. The statistical factor in the denominator (8)

of Eq. (2) cancels when the two terms are combined.

Taking the nucleons as nonrelativistic, which is allowableNote that the function that gives the vector part of the rate,
up to about twice the nuclear density, we note that the comWy(Q, ), is exactly given byII. The ring approximatiof6]
ponentsW,, and Wy, vanish, and that the space tens;  for II is now
derives from the axial-vector current and can be written in
the form 19(q,0)

e e @ (g

II(q,w)= —iZ‘lf dixeia-Xgi(0+mt

9)
Wi (@, cos) =gaWa(w, cosh) &; +gaWr(w, cosd)qiq; .
(4)  whereII® is the polarization function in the absence of
interactions. The factor of 2 multiplying the potential comes

We defineWy=W,,, as it comes entirely from the vector from the isospin operator in the potentiéd). The spin-
current. Combining with Eq(3) and calculating the lepton dependent parts of the potential do not contribute.

trace, we now have For the axial contribution, the operative nonrelativistic
forms of the current are the operatars= wgai Y, and the
W, , A#"=2(14c0osf)Wy+2(3—coS6)gaWa analog to Eq.(8) will be a tensor with indices,j. In the
5 absence of interactions, this tensor is given @MH(O).
+2w?(1+c0osh)gaWr . (5)  Thus, summing the axial chain to géf,(g,w) we obtain

exactly the same structure as Ef) with v, replacingv,
We calculate the three functiolg, ,W,, andWs inthe ring  but with the same functiofl(®,
approximation. For these graphs, a unit of charge is passed in

each nuclear interaction in the expansion of the charged- 19q,w)
current correlation function of Eqd). If the potential be- Wa(q,w) = 1= 20 (T O(q0) (10
tween nucleons and b conserves isotopic spin, this means q 9.0

tfz;a)t %';“y the terms containing .the- Isotopic ~ operatorry, potentialv; does not enter Eq(10), even though it
7.7 enter. We assume a potential in momentum spacegouples to the axial-vector terms, since any ring graph chain
in which at least one 5 participates becomes a contribution
Vab(q, )= 7 [v4(q) + 0@ 6P ,(q) to Wy . Elementary combinatorics for the tensor chain gives

+0?-qa°- qua(q,0)]. (6) [T10(q,w)]%03(q)
WT(q: ) 1— 2[U ( (0)
(@) +9%3(q,0) Ok, 0)

We have inserted in the; term a dependence on energy

11
transfer,w, in order to accomodate the one-pion exchange o
force, The requisite polarization function is given by
v3(d,w)=—f2m_*(g*+m’ - 0?) %, ) [1(q.0) zf d*p f(lpl.un) —F(lp+al,1tp)
W)= — . '
. (2m)° o+ €y~ €pqtin
with f2~1. (12)

For the other two potentials, we follow the development
of [1] in taking zero-range forms fitted to the Landau param-where the function$ are the nuclear Fermi occupation func-
eters of Fermi liquid theory and Ref5] and obtainv, tions for the indicated momenta and chemical potentials. We
=3.4m,/m*x10°° (MeV) 2 and v;=1.88n,/m*  conceptually extend Eq12) to include the average poten-
x10°° (MeV) 2, wherem* is the effective nucleon mass tials that the nucleons experience in the medium, which we
in the medium at nuclear density. We are assuming isospirdefine asV,,, by making the replacementq))(zl(Zm)
invariant forms, despite the fact that our application will be—>(p)2/(2m)+v and  (P+9)%(2m)—(p+q)%/(2m)
to unsymmetric matter. This appears to us to be the state GFV both in the denominator and in the distribution func-
the art. It is not totally satisfactory, in view of the fact that t|ons in the numerator. However, we suppose that we are
thev, andv, terms are phenomenological forms that obtainstarting with a table of densities and temperatui®sfrom
in nuclear matter rather than forms based on elementary men equation of state that already takes into account the po-
son exchanges. Note that in the case of nonsymmetric mattegntialsV, . If we utilize Fermi distributions in which the
isospin symmetry is still broken through the polarizationchemical potentlals are derived from the input densities us-
functions. We define the nucleon-charge-raising polarizatioring the free-particle relations, these average potential correc-
part I1(q,w), in parallel with Eq.(1), in terms of the re- tions are automatically included and the parame¥gys do
tarded commutator of the density,= ngz//n and its Hermit-  not appear explicitly in the formalism. To do the computa-
ian conjugate, tions, we use the following form fofl (*:
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2 w_ie TABLE |. The total suppression factorss( ) for the process
( f dss? |n[1+e_(S+Q+)2+Bl—"n] ve+n—e~ +p, for a profile in an early post-bounce model gener-
2772qﬂ —®—ie ated by Burrows, Hayes, and Fryx¢f]. The suppression factors

) for the vector and the axial-vector terms are shown separately.
w+tie 2 . . . .
+ f dss? |n[1+e—(s+Q,) +B,Lp] These suppresion factors are derived by multiplying the rate by the

' neutrino occupation function and integrating over neutrino energies.

A nucleon effective mass of 0.@%, is assumed.

m

—oo+ie
(13
—3
where p (g cm™™) Y, T (MeV) Ye Sa Sy

12 3.94x10"  0.077 5 0.289 0.140  0.269

mg o q 4
Qu=|—| |F=+-= (14) 3.68<10"  0.078 5 0.294 0.144 0.275
- q 3.08x 10" 0.077 5 0.297 0.157 0.291
1.65x 10* 0.064 10 0.275 0.228 0.381
2.66x 103 0.01 15 0.282 0.670 0.775
1.40x 10" 0.067 15 0.258 0.790 0.840

which gives

m? 1+e QA

|
278q

Im I10(q, ) =
(@.0) 1te @ +Bup—po

] (19

In this region, we use Eqg$9), (10), and(11) to calculate

and the modification factors in the medium. We have estimated
the contribution of the tensor terifil) relative to the two

1+ e(s+Q+)2+BMn] other terms and conclude that it is less than 10% of the total

in the cores of protoneutron stars and supernovas. For the

vector and axial-vector terms, we compute suppression fac-
(16) tors Sy and Sy def_ined as the ratio of the rates calcglated

with the nuclear interactions to those calculated without.

The imaginary part of the polarizatiofi5) can be ob- This is done by substituting Eqé9) and (10) into Eq. (5),
tained by direct integration and is the same as that given iff'ultiPlying Eq.(2) by the neutrino occupation function, and
Refs.[1,7]. Given this, the full functior(13) can be verified mtggratmg over neutrino energies. In_TabIe I, we give results
by checking the analytic properties in tle plane. We re- USIng & post-bounce supernova _proflle taken from Burrows,
emphasize that in Eq§15) and (16) u, and u, are derived Hayes, and Fry_xel[g]. As seen in the table, the G_amow-
from given particle densities via the free-particle prescrip-T_e”er suppression factors are larger than the Fermi suppres-
tion, and that despite this, these equations fully, if implicitly, Sion factors. Furthermore, the degree of many-body suppres-
incorporate the interaction potentials. However, ReddySIOn increases with den_sny and decreases with terr11perature.
Prakash, and Lattimdi7] and Burrows and Sawyét] note 'Imngrtcantly, the magnitude of the effect aboveig‘l@

a substantial effective mass correction to the rates. Obvi€M " iS large, ranging frozn afact_o; of 2at¥0g cm *to
ously, a change in the mass parameter is not completely sul-factor of~5 near 4x 1(_)1 g cm *. Correspondingly, the
sumed in the chemical potential-density relation and we stilP€utrino-matter absorption cross sections decrease with den-
have to take into account its effects in the kinematics and ofity- Since it has recently been shody that the neutral-

the particle density-chemical potential relation itself. Never-current scattering rates at high density are also reduced, we
theless, given an effective mass, our formalism easily allow§0nclude that post-bounce supermnova cores are significantly
it to be incorporated merely by substituting it for the nucleonMOre transparent than previously believed. As demonstrated
mass in the normal way, wherever it explicitly appears. " [1]_, this enhanced transparency can tr_ansla’;e at intermedi-

We look at the results of medium interactions for two setsat€ times 500-2500 ms after bouncénto higher neu-
of conditions typical of the dense interior of a protoneutrontrin0 luminosities, which thereby may be more efficient at
star, but at different times: first for an early time<(5 s),  €€nergizing or powering a stalled supernova shock. Itis not
when the lepton number is large, and second at a later tim@nly suppression at supranuclear densities that is germane to

(t>10 s), after which the lepton excess has largely radiateéhe luminosities after 1 to a fgw seconds. Equally important
away/[8]. is the fact that such suppressions appear also near and below

nuclear densitiegsee Table)L

Integrating Eq.2) over cosy, the distribution of the en-
ergy transferw, to and from the nucleons due to the process

The densities of the various species are such that at zemp,+n—e~ +p in the lepton-rich era can be derived and is
temperature the inequalitys®”) >|p{™ — p’| holds. Thisin-  depicted in Fig. 1 for a variety of densities, from'4ao
equality allows the single-nucleon process to proceed at full0®® g cm 2. For these curves, the temperature is 5 MeV,
strength. That is to say, at low temperatures the functiorihe electron fractiorY, is 0.26, the incident electron neutri-
ImI1©)(q,w), Eq. (15), is large in the region ofd,w) de-  NOs are on their Fermi surfaces, and beta equilibrium is as-
fined by the two conditionst1) the neutrino energ§, is  sumed. The highest curve on the riglithat for p
near the neutrino Fermi surface®) the electron energg, =10 g cm®) ignores many-body effects, though it in-
— w is near the electron Eermi surface. These condition§orporates the full kinematics, and is included for compari-
come from the occupation factors that enter the expressiofon. As expected, the peak of the energy transfer is generally
for the total rate. near —u (given in the figure caption since the electron

m? [(=ds
Rell9(q,w)= f—ln
27%qBJo S

+(w_>_wvﬂn_>ﬂp)-

1+ e7(57Q+)2+.3/-Ln

Ill. LEPTON-RICH ERA
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DL O B L I L L the necessary momentum, either through a potential or
through an assumed correlatiddi0-12. Translated to
graphs, these mechanisms involve the estimation of proper
graphs for the polarization parts, where a proper graph is
defined as a graph that cannot be cut into two disjoint parts
by severing a single potential line. However, there are “ring
corrections” to such graphs, in which the initial or final cur-
rent vertices attach to a ring chain that then attaches to the
proper polarization graphs. These ring corrections then have
a big suppressive effect on the primary mechanism for mo-
mentum transfer, as one can see from the following argu-

p=10" - 10° g cm™ T = 5 MeV

€ =, ; Yo = 0.26

LABLLL L I  L B BLB
i IR AT AT A

logy, do/dw (arbitrary units)

'
>
I

\ ment.

M3 | | | % We consider a proper polarization graph in which a

s T e T T e T T T T nucleon-nucleon interaction has intervened to allow momen-
@ (MeV) tum conservation near the Fermi surfaces. That is to say, by

FIG. 1. The singly differential cross section in arbitrary units th' (10),fwe h?vg ahterr;: for thebvecto_r (I:c.’nmb.umw" to .
versus the energy transfer to the nucleons due to the process the ra_lte ormu as) that has a_su stantial Ima_glnary (%alrt In
+n—e +p in the lepton-rich eraw is in MeV. We have inte- the kinematically allowed region. We call this terid;’ .
grated Eq(2) over cosd. The curves are for mass densities of30 W€ now take the sum of this term and the lowest-order term,
104 2x 10" 3x10“ 4x10% 5x10% 7.5x10" and 16° 1), as the proper polarization part from which to construct
gcm 3. The temperature is 5 MeV, the electron fraction is 0.26, thethe ring sum, obtaining
incident electron neutrinos are on their Fermi surfaces, and beta
equilibrium has been assumed. The'®1@ cm 2 curve does not

. . . . ImWV(qaw)

include many-body effects, but does incorporate the full kinematics.

For the other curves,v,=4.5x10° (MeV) 2, v,=1.76 ImW(“(q w)

X105 (MeV) 2, and an effective mass at nuclear density of ~ v i _ - 5
0.75m, was assumedy is equal to 5.3, 17.4, 26.8, 34.8, 42.1, 48.7, |11 204[T1(q, ) + ReW\P +i Im WY (g, @)]|
63.7, and 77.1 MeV for the densities depicted. (17)

blocking factor in Eq.2) puts the electrons on the elecitron In the estimates that follow, we omit the real partwf,l)

Fermi surface and beta equilibrium requires thai=x  from the denominator; it is easy to verify from E@6) that,

+u,, - (Note thatu increases with densityThere is a mod-  in contrast to the lowest-order imaginary part, the real part is

est spread im around the peak with approximately a Gauss-not suppressed in the region af, ) that is important in the

ian distribution. The width of this distribution scales with the reaction.

temperature. Figure 1 demonstrates that Table | also reflects Similar considerations hold for the axial-vector part. In

that the total cross sections, the integrals under the unnothe lepton-poor era, we can drop the second term on the

malized curves, are decreasing functions of density. right-hand side of Eq(5), sincew will be of the order ofT,
rather than of order 100—200 MeV, as it can be for electron
neutrinos in the trapped neutrino €8]. Then, we define a

IV. LEPTON-POOR ERA properW, and a contributiotW$") as in the above and write

As discussed irf10] and[11], as the trapped electron

lepton number decays, we reach a configuration in which the (1)

neutrino absorption process discussed above dies almosimw,(q,w)~ .
completely for low temperatures. At the end of deleptoniza- |1-20,[1(q,0) +i IMWY(q,0)]|?
tion, we havep’=0 [8]. The neutrinos then have thermal (18

energies and we find that the proton fraction has decreased to

the point that ) <p{™ . In this case we cannot conserve  TABLE II. The total axial and vector suppression factas ()
momentum for the three degenerate speeies p, andn  for the transformationv,—e" during the lepton-poor era, for a
when the momentum of the neutrino is small and when welensity of 2.5¢10** g cm™® and a neutrino chemical potential of
stay near the Fermi surface for the three other species. A€"0- These suppression factors are derived by multiplying the rate
low temperatures, the function IHI(O)(q,w) of Eq. (15) is by the neutrino occupation function and integrating over neutrino

now exponentially small in the region ofj{w) defined by energies. A .nucleon effective mass of Q1ypis assumed. See the
. . . . text for details.
the leptonic occupancies. Thus, the ring graphs, as defined in

the previous section, give a negligible rate for the charged-

current processes at low lepton number and temperature. The T (MeV) Ye Sh S
region of temperature and density in which this inhibition 3 0.012 0.34 0.53
prevails depends on the interactions in the medium and, in- 5 0.013 0.20 0.38
deed, on the whole equation of state. 7 0.016 0.19 0.38
The mechanisms that have been proposed to estimate the 9 0.018 0.20 0.38

rates in this domain depend on a spectator nucleon to transfer
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For the factors InW{!) we take the minimal form consis- EOS is intimately related to the derivation of the scattering
tent with avoidina a sinaularity in Ed2) at o= — i and absorption rates. However, those who perform detailed
g g y q2) atw # nuclear EOS calculations and address many-body correla-
IMmWD =@ (ot o). 19 tions in nuclear matter do not as yet provide the requisite
VA= Cval@tp) (19 spin and density structure functions, even for the static case.
This form meets the requirement for detailed balance that These results for charged currents, when combined with
Im I be odd under the replacememiss — o s — 1. We the results from Burrows and Sawydi for neutral currents,
ke th e E ficientl @ '“”f "; _ suggest that energy and lepton number will leak from super-
take the parametexs ” to be sufiiciently small for the Inte- 45 cores at a rate that is higher than heretofore estimated.
grated suppression factor to be independent of[t&]

; g i , This implies that the neutrino luminosities during the epoch
that enter through the imaginary parts in the denominatohger hounce for which the inner core is the major energy

function. In Table Il we give, for the case of matter at gq,1ce (-0.5-1.5 s) will be enhanced for seconds, perhaps
nuclear density, the separate suppression factors for the vegy a5 much as 509p1], after which time they would be
tor and axial-vector rates gengr.ated by the uncorrected ter minished, in keeping with total energy conservation. The
(19), under deleptonized conditions, =0. We note that the  ;onsequences of this increased transparency for the neutrino-
reductions are substantial, and conclude that the ring correggiyen supernova explosion mechanif®} may be interest-
tions should be added to any model that is used for the neyng byt have yet to be clarified. Note that the true magnitude
trino opacities during this era. of this effect can in principle be constrained by the neutrino
signal from SN1987A14], but by how much depends upon
V. CONCLUSIONS its nascent neutron star mass and the actual nuclear equation

We have developed a formalism for incorporating the ef_of state, both poorly known. Importantly, using the duration

fects of many-body correlations on the charged-current rate@nd number of events to obtain such constraints is hampered
of neutrino-matter interactions. This formalism reveals thatby small number statlst|ps. Be that as '.t may, itis clear that
these rates are considerably suppressed in the densest regi y-body effects proy|de new pos§|b|I|tles that supernova
of protoneutron stars and supernova cores. Assuming that t odelers'should enjoy incorporating into the next generation
nucleons are nonrelativistic, our formalism incorporates thé® explosion calculations.
full kinematics of the interaction, Pauli blocking by final-
state nucleongprotong, and correlation due to nucleon-
nucleon interactions. We thank S. Reddy, M. Prakash, G. Raffelt, and J. Lat-
We have employed the ring approximation and assumetmer for sharing their perspectives on this class of problems
the near validity of Fermi liquid theory. It would be desirable and acknowledge the support of the NSF under Grant No.
to include ladder diagrams and to perform the calculations irAST-96-17494. We would also like to express our apprecia-
the context of a better numerical method for solution of thetion to the Santa Barbara Institute for Theoretical Physics,
nuclear equation of stattEOS), since the solution of the supported by the NSF under Grant No. PHY94-07194.
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