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Many-body corrections to charged-current neutrino absorption rates in nuclear matter

Adam Burrows*
Department of Astronomy, The University of Arizona, Tucson, Arizona 85721

R. F. Sawyer†

Department of Physics, The University of California, Santa Barbara, California 93106
~Received 23 April 1998!

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 to;5 at 431014 g cm23. 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.
@S0556-2813~99!05601-0#

PACS number~s!: 26.50.1x, 11.80.Jy, 25.30.Pt, 26.60.1c
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I. INTRODUCTION

The neutrino absorption and scattering opacities in
post-shock core of a supernova, in which nuclei are larg
disintegrated into nucleons, determine the duration, sp
trum, and flavor distribution of the emerging neutrino pul
The neutrino-matter interaction rates can be related to
space- and time-dependent correlations among the se
density operators for the separate nuclear constituents~to
find the Gamow-Teller parts we must consider sepa
spin-up and spin-down densities!. In the case of neutral
current interactions@1#, there is an instructive limit, which
also provides an estimate of the effects, in which the co
bined limits of large nucleon mass and small neutrino ene
allow the use of long-wavelength limits of equal-time corr
lation functions, in turn expressible in terms of the seco
derivatives of an energy density functional with respect
various densities. This approach is the direct multichan
generalization of the familiar results for light scattering fro
the thermal density fluctuations in a fluid, where it is t
compressibility that determines the long-wavelength opac
and it was used in Refs.@2# and@3# to find significant reduc-
tions of the neutral-current opacity in certain regions. In B
rows and Sawyer@1#, an approach based on ring graphs w
used to encompass these results and to extend them to
mains in which the equal-time and long-wavelength lim
are not clearly applicable.

The use of the equal-time and long-wavelength limits
express correlation functions in terms of static susceptib
ties cannot be extended to the charged-current interact
when there is a large chemical potential difference betw
protons and neutrons. In the present work, we give a th
retical framework for addressing these opacities, based
summing ring graphs, together with the results of calcu
tions with input parameters taken from the current pheno
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enology of nuclear matter. A complementary developm
can be found in Reddyet al. @4#.

II. MANY-BODY FORMALISM
FOR CHARGED-CURRENT RATES

The charged-current interactions of the nuclear medi
are determined by the statistical averages involving
nucleonic charged-current operatorj m5c̄pgm(12gAg5)cn
and its Hermitian conjugate

Wmn~q,v!52 iZ21E d4xe2 iq•xei ~v1m̂ !t

3Tr$e2b~H2Sm iNi !@ j m~x,t !, j n
†~0,0!#%u~ t !,

~1!

whereZ is the partition function andm̂ is the chemical po-
tential difference,m̂5mn2mp . The vector (q,v) is the
momentum-energy transfer from the leptons to the mediu
The transition rate, differential in angle andv, for the reac-
tion ne1n→e21p is given in terms ofWmn as

d2G~ne→e2!

dvd cos~u!
5~2p2!21GW

2 ~E12v!2@12 f e~E12v!#

12exp@2b~v1m̂ !#

3Lmn~q,v!Im Wmn~q,v!, ~2!

where

Lmn5~4E1E2!21Tr@p” 1~12g5!gmp” 2gn~12g5!#, ~3!

q5@E1
21(E12v)222E1(E12v)cosu#1/2, andE1 in the in-

cident neutrino energy. To verify the factors in Eq.~2! re-
place the commutator in Eq.~1! by the unordered product
the u(t) function by 1/2 in order to capture the imagina
part, and the statistical factor in the denominator by un
Then, the introduction of a complete set of states between
current operators gives the inclusivene→e2 rate. Recalling
that the Heisenberg picture for the density operators is
510 ©1999 The American Physical Society
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fined with respect to the operatorH2Sm iNi , we note that
the ei m̂t factor in Eq. ~1! will be canceled before the tim
integral is performed. The other term in the commuta
gives the same answer, but with an additional fac
2exp@2b(v1m̂)#. The statistical factor in the denominato
of Eq. ~2! cancels when the two terms are combined.

Taking the nucleons as nonrelativistic, which is allowab
up to about twice the nuclear density, we note that the co
ponentsWi0 and W0i vanish, and that the space tensorWi j
derives from the axial-vector current and can be written
the form

Wi j ~v, cosu!5gA
2WA~v, cosu!d i j 1gA

2WT~v, cosu!qiqj .
~4!

We defineW005WV , as it comes entirely from the vecto
current. Combining with Eq.~3! and calculating the lepton
trace, we now have

WmnLmn52~11cosu!WV12~32cosu!gA
2WA

12v2~11cosu!gA
2WT . ~5!

We calculate the three functionsWV ,WA , andWT in the ring
approximation. For these graphs, a unit of charge is passe
each nuclear interaction in the expansion of the charg
current correlation function of Eq.~1!. If the potential be-
tween nucleonsa andb conserves isotopic spin, this mea
that only the terms containing the isotopic opera
tW (a)

•tW (b) enter. We assume a potential in momentum spa

Va,b~q,v!5t¢a
•tWb@v1~q!1sW a

•sW bv2~q!

1sW a
•qW sW b

•qW v3~q,v!#. ~6!

We have inserted in thev3 term a dependence on energ
transfer,v, in order to accomodate the one-pion exchan
force,

v3~q,v!52 f 2mp
22~q21mp

2 2v2!21, ~7!

with f 2'1.
For the other two potentials, we follow the developme

of @1# in taking zero-range forms fitted to the Landau para
eters of Fermi liquid theory and Ref.@5# and obtainv2
53.4mn /m* 31025 (MeV)22 and v151.88mn /m*
31025 (MeV)22, wherem* is the effective nucleon mas
in the medium at nuclear density. We are assuming isos
invariant forms, despite the fact that our application will
to unsymmetric matter. This appears to us to be the stat
the art. It is not totally satisfactory, in view of the fact th
the v1 andv2 terms are phenomenological forms that obta
in nuclear matter rather than forms based on elementary
son exchanges. Note that in the case of nonsymmetric m
isospin symmetry is still broken through the polarizati
functions. We define the nucleon-charge-raising polariza
part P(q,v), in parallel with Eq.~1!, in terms of the re-
tarded commutator of the densitync5cp

†cn and its Hermit-
ian conjugate,
r
r
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P~q,v!52 iZ21E d4xe2 iq•xei ~v1m̂ !t

3Tr@e2b~H2Sm iNi !$nc~x,t !,nc
†~0,0!#%u~ t !.

~8!

Note that the function that gives the vector part of the ra
WV(q,v), is exactly given byP. The ring approximation@6#
for P is now

WV~q,v!5P~q,v!5
P~0!~q,v!

122v1~q!P~0!~q,v!
, ~9!

where P (0) is the polarization function in the absence
interactions. The factor of 2 multiplying the potential com
from the isospin operator in the potential~6!. The spin-
dependent parts of the potential do not contribute.

For the axial contribution, the operative nonrelativis
forms of the current are the operatorsnc

i 5cp
†s icn , and the

analog to Eq.~8! will be a tensor with indicesi , j . In the
absence of interactions, this tensor is given byd i , jP

(0).
Thus, summing the axial chain to getWA(q,v) we obtain
exactly the same structure as Eq.~8! with v2 replacingv1 ,
but with the same functionP (0),

WA~q,v!5
P~0!~q,v!

122v2~q!P~0!~q,v!
. ~10!

The potentialv3 does not enter Eq.~10!, even though it
couples to the axial-vector terms, since any ring graph ch
in which at least onev3 participates becomes a contributio
to WT . Elementary combinatorics for the tensor chain giv

WT~q,v!5
@P~0!~q,v!#2v3~q!

122@v2~q!1q2v3~q,v!#P~0!~k,v!
.

~11!

The requisite polarization function is given by

P~0!~q,v!522E d3p

~2p!3

f ~ upu,mn!2 f ~ up1qu,mp!

v1ep2ep1q1 ih
,

~12!

where the functionsf are the nuclear Fermi occupation fun
tions for the indicated momenta and chemical potentials.
conceptually extend Eq.~12! to include the average poten
tials that the nucleons experience in the medium, which
define asVp,n , by making the replacements (p)2/(2m)
→(p)2/(2m)1Vn and (p1q)2/(2m)→(p1q)2/(2m)
1Vp , both in the denominator and in the distribution fun
tions in the numerator. However, we suppose that we
starting with a table of densities and temperatures~T! from
an equation of state that already takes into account the
tentialsVp,n . If we utilize Fermi distributions in which the
chemical potentials are derived from the input densities
ing the free-particle relations, these average potential cor
tions are automatically included and the parametersVp,n do
not appear explicitly in the formalism. To do the comput
tions, we use the following form forP (0):
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P~0!~q,v!5
m2

2p2qb
S E

2`2 i e

`2 i e

dss21 ln@11e2~s1Q1!21bmn#

1E
2`1 i e

`1 i e

dss21 ln@11e2~s1Q2!21bmp# D ,

~13!

where

Q65S mb

2 D 1/2S 7
v

q
1

q

2mD , ~14!

which gives

Im P~0!~q,v!5
m2

2pbq
lnF 11e2Q1

2
1bmn

11e2Q1
2

1bmp2bvG ~15!

and

ReP~0!~q,v!5
m2

2p2qb
E

0

`ds

s
lnF11e2~s1Q1!21bmn

11e2~s2Q1!21bmn
G

1~v→2v,mn→mp!. ~16!

The imaginary part of the polarization~15! can be ob-
tained by direct integration and is the same as that give
Refs.@1,7#. Given this, the full function~13! can be verified
by checking the analytic properties in thev plane. We re-
emphasize that in Eqs.~15! and ~16! mn andmp are derived
from given particle densities via the free-particle prescr
tion, and that despite this, these equations fully, if implicit
incorporate the interaction potentials. However, Red
Prakash, and Lattimer@7# and Burrows and Sawyer@1# note
a substantial effective mass correction to the rates. O
ously, a change in the mass parameter is not completely
sumed in the chemical potential-density relation and we
have to take into account its effects in the kinematics and
the particle density-chemical potential relation itself. Nev
theless, given an effective mass, our formalism easily allo
it to be incorporated merely by substituting it for the nucle
mass in the normal way, wherever it explicitly appears.

We look at the results of medium interactions for two s
of conditions typical of the dense interior of a protoneutr
star, but at different times: first for an early time (t,5 s),
when the lepton number is large, and second at a later
(t.10 s), after which the lepton excess has largely radia
away @8#.

III. LEPTON-RICH ERA

The densities of the various species are such that at
temperature the inequality 2pF

(p).upF
(n)2pF

(n)u holds. This in-
equality allows the single-nucleon process to proceed at
strength. That is to say, at low temperatures the func
Im P (0)(q,v), Eq. ~15!, is large in the region of (q,v) de-
fined by the two conditions:~1! the neutrino energyE1 is
near the neutrino Fermi surface;~2! the electron energyE1
2v is near the electron Fermi surface. These conditi
come from the occupation factors that enter the expres
for the total rate.
in
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In this region, we use Eqs.~9!, ~10!, and~11! to calculate
the modification factors in the medium. We have estima
the contribution of the tensor term~11! relative to the two
other terms and conclude that it is less than 10% of the t
in the cores of protoneutron stars and supernovas. For
vector and axial-vector terms, we compute suppression
tors SA and SV defined as the ratio of the rates calculat
with the nuclear interactions to those calculated witho
This is done by substituting Eqs.~9! and ~10! into Eq. ~5!,
multiplying Eq. ~2! by the neutrino occupation function, an
integrating over neutrino energies. In Table I, we give resu
using a post-bounce supernova profile taken from Burro
Hayes, and Fryxell@9#. As seen in the table, the Gamow
Teller suppression factors are larger than the Fermi supp
sion factors. Furthermore, the degree of many-body supp
sion increases with density and decreases with tempera
Importantly, the magnitude of the effect above 1014 g
cm23 is large, ranging from a factor of 2 at 1014 g cm23 to
a factor of;5 near 431014 g cm23. Correspondingly, the
neutrino-matter absorption cross sections decrease with
sity. Since it has recently been shown@1# that the neutral-
current scattering rates at high density are also reduced
conclude that post-bounce supernova cores are significa
more transparent than previously believed. As demonstra
in @1#, this enhanced transparency can translate at interm
ate times (.500–2500 ms after bounce! into higher neu-
trino luminosities, which thereby may be more efficient
reenergizing or powering a stalled supernova shock. It is
only suppression at supranuclear densities that is german
the luminosities after 1 to a few seconds. Equally import
is the fact that such suppressions appear also near and b
nuclear densities~see Table I!.

Integrating Eq.~2! over cosu, the distribution of the en-
ergy transfer,v, to and from the nucleons due to the proce
ne1n→e21p in the lepton-rich era can be derived and
depicted in Fig. 1 for a variety of densities, from 1013 to
1015 g cm23. For these curves, the temperature is 5 Me
the electron fractionYe is 0.26, the incident electron neutr
nos are on their Fermi surfaces, and beta equilibrium is
sumed. The highest curve on the right~that for r
51013 g cm23) ignores many-body effects, though it in
corporates the full kinematics, and is included for compa
son. As expected, the peak of the energy transfer is gene
near 2m̂ ~given in the figure caption!, since the electron

TABLE I. The total suppression factors (SA,V) for the process
ne1n→e21p, for a profile in an early post-bounce model gene
ated by Burrows, Hayes, and Fryxell@9#. The suppression factor
for the vector and the axial-vector terms are shown separa
These suppresion factors are derived by multiplying the rate by
neutrino occupation function and integrating over neutrino energ
A nucleon effective mass of 0.75mn is assumed.

r (g cm23) Yn T ~MeV! Ye SA SV

3.9431014 0.077 5 0.289 0.140 0.269
3.6831014 0.078 5 0.294 0.144 0.275
3.0831014 0.077 5 0.297 0.157 0.291
1.6531014 0.064 10 0.275 0.228 0.381
2.6631013 0.01 15 0.282 0.670 0.775
1.4031013 0.067 15 0.258 0.790 0.840
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blocking factor in Eq.~2! puts the electrons on the electro
Fermi surface and beta equilibrium requires thatme5m̂

1mne
. ~Note thatm̂ increases with density.! There is a mod-

est spread inv around the peak with approximately a Gaus
ian distribution. The width of this distribution scales with th
temperature. Figure 1 demonstrates that Table I also refl
that the total cross sections, the integrals under the un
malized curves, are decreasing functions of density.

IV. LEPTON-POOR ERA

As discussed in@10# and @11#, as the trapped electro
lepton number decays, we reach a configuration in which
neutrino absorption process discussed above dies al
completely for low temperatures. At the end of deleptoni
tion, we havepF

(n)50 @8#. The neutrinos then have therm
energies and we find that the proton fraction has decrease
the point that 2pF

(p)!pF
(n) . In this case we cannot conserv

momentum for the three degenerate speciese2, p, and n
when the momentum of the neutrino is small and when
stay near the Fermi surface for the three other species
low temperatures, the function ImP (0)(q,v) of Eq. ~15! is
now exponentially small in the region of (q,v) defined by
the leptonic occupancies. Thus, the ring graphs, as define
the previous section, give a negligible rate for the charg
current processes at low lepton number and temperature.
region of temperature and density in which this inhibiti
prevails depends on the interactions in the medium and
deed, on the whole equation of state.

The mechanisms that have been proposed to estimat
rates in this domain depend on a spectator nucleon to tran

FIG. 1. The singly differential cross section in arbitrary un
versus the energy transferv to the nucleons due to the processne

1n→e21p in the lepton-rich era.v is in MeV. We have inte-
grated Eq.~2! over cosu. The curves are for mass densities of 1013,
1014, 231014, 331014, 431014, 531014, 7.531014, and 1015

g cm23. The temperature is 5 MeV, the electron fraction is 0.26,
incident electron neutrinos are on their Fermi surfaces, and
equilibrium has been assumed. The 1013 g cm23 curve does not
include many-body effects, but does incorporate the full kinemat
For the other curves, v254.531025 (MeV)22, v151.76
31025 (MeV)22, and an effective mass at nuclear density

0.75mn was assumed.m̂ is equal to 5.3, 17.4, 26.8, 34.8, 42.1, 48
63.7, and 77.1 MeV for the densities depicted.
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the necessary momentum, either through a potential
through an assumed correlation@10–12#. Translated to
graphs, these mechanisms involve the estimation of pro
graphs for the polarization parts, where a proper graph
defined as a graph that cannot be cut into two disjoint p
by severing a single potential line. However, there are ‘‘ri
corrections’’ to such graphs, in which the initial or final cu
rent vertices attach to a ring chain that then attaches to
proper polarization graphs. These ring corrections then h
a big suppressive effect on the primary mechanism for m
mentum transfer, as one can see from the following ar
ment.

We consider a proper polarization graph in which
nucleon-nucleon interaction has intervened to allow mom
tum conservation near the Fermi surfaces. That is to say
Eq. ~10!, we have a term for the vector contributionWV to
the rate formula~5! that has a substantial imaginary part
the kinematically allowed region. We call this termWV

(1) .
We now take the sum of this term and the lowest-order te
P (0), as the proper polarization part from which to constru
the ring sum, obtaining

Im WV~q,v!

'
Im WV

~1!~q,v!

u122v1@P~0!~q,v!1ReWV
~1!1 i Im WV

~1!~q,v!#u2
.

~17!

In the estimates that follow, we omit the real part ofWV
(1)

from the denominator; it is easy to verify from Eq.~16! that,
in contrast to the lowest-order imaginary part, the real par
not suppressed in the region of (q,v) that is important in the
reaction.

Similar considerations hold for the axial-vector part.
the lepton-poor era, we can drop the second term on
right-hand side of Eq.~5!, sincev will be of the order ofT,
rather than of order 100–200 MeV, as it can be for elect
neutrinos in the trapped neutrino era@13#. Then, we define a
properWA and a contributionWA

(1) as in the above and write

Im WA~q,v!'
Im WA

~1!~q,v!

u122v2@P~0!~q,v!1 i Im WA
~1!~q,v!#u2

.

~18!

TABLE II. The total axial and vector suppression factors (SA,V)
for the transformationne→e2 during the lepton-poor era, for a
density of 2.531014 g cm23 and a neutrino chemical potential o
zero. These suppression factors are derived by multiplying the
by the neutrino occupation function and integrating over neutr
energies. A nucleon effective mass of 0.75mn is assumed. See th
text for details.

T ~MeV! Ye SA SV

3 0.012 0.34 0.53
5 0.013 0.20 0.38
7 0.016 0.19 0.38
9 0.018 0.20 0.38
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For the factors ImWV,A
(1) we take the minimal form consis

tent with avoiding a singularity in Eq.~2! at v52m̂:

Im WV,A
~1! 5cV,A

~1! ~v1m̂ !. ~19!

This form meets the requirement for detailed balance
Im P be odd under the replacementsv→2v, m̂→2m̂. We
take the parametersc(1) to be sufficiently small for the inte
grated suppression factor to be independent of the@c(1)#2

that enter through the imaginary parts in the denomina
function. In Table II we give, for the case of matter
nuclear density, the separate suppression factors for the
tor and axial-vector rates generated by the uncorrected te
~19!, under deleptonized conditions,mn50. We note that the
reductions are substantial, and conclude that the ring cor
tions should be added to any model that is used for the n
trino opacities during this era.

V. CONCLUSIONS

We have developed a formalism for incorporating the
fects of many-body correlations on the charged-current r
of neutrino-matter interactions. This formalism reveals t
these rates are considerably suppressed in the densest re
of protoneutron stars and supernova cores. Assuming tha
nucleons are nonrelativistic, our formalism incorporates
full kinematics of the interaction, Pauli blocking by fina
state nucleons~protons!, and correlation due to nucleon
nucleon interactions.

We have employed the ring approximation and assum
the near validity of Fermi liquid theory. It would be desirab
to include ladder diagrams and to perform the calculation
the context of a better numerical method for solution of
nuclear equation of state~EOS!, since the solution of the
n
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EOS is intimately related to the derivation of the scatter
and absorption rates. However, those who perform deta
nuclear EOS calculations and address many-body corr
tions in nuclear matter do not as yet provide the requis
spin and density structure functions, even for the static c

These results for charged currents, when combined w
the results from Burrows and Sawyer@1# for neutral currents,
suggest that energy and lepton number will leak from sup
nova cores at a rate that is higher than heretofore estima
This implies that the neutrino luminosities during the epo
after bounce for which the inner core is the major ene
source (.0.521.5 s) will be enhanced for seconds, perha
by as much as 50%@1#, after which time they would be
diminished, in keeping with total energy conservation. T
consequences of this increased transparency for the neut
driven supernova explosion mechanism@9# may be interest-
ing, but have yet to be clarified. Note that the true magnitu
of this effect can in principle be constrained by the neutr
signal from SN1987A@14#, but by how much depends upo
its nascent neutron star mass and the actual nuclear equ
of state, both poorly known. Importantly, using the durati
and number of events to obtain such constraints is hamp
by small number statistics. Be that as it may, it is clear t
many-body effects provide new possibilities that superno
modelers should enjoy incorporating into the next genera
of explosion calculations.
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