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A truncated moment formalism for general relativistic radiation hydrodynamics, based
on Thorne’s moment formalism, is derived. The fluid rest frame is chosen to be the fiducial
frame for defining the radiation moments. Then, zeroth-, first-, and second-rank radiation
moments are defined from the distribution function with a physically reasonable assumption
for it in the optically thin and thick limits. The source terms are written, focusing specifically
on the neutrino transfer and neglecting higher harmonic angular dependence of the reaction
angle. Finally, basic equations for a truncated moment formalism for general relativistic
radiation hydrodynamics in a closed covariant form are derived assuming a closure relation
among the radiation stress tensor, energy density, and energy flux, and a variable Eddington
factor, which works well.
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§1. Introduction

Radiation fields and their interaction with matter often play a crucial role in
many astrophysical contexts. For example, the critical roles of photon pressure dur-
ing proto-star and massive-star formation and of neutrino heating and cooling in
supernova core collapse and explosion are well-known among many other phenom-
ena. To theoretically clarify these phenomena, it is necessary to solve hydrodynamic
equations as well as radiation transfer equations. For strictly handling the radia-
tion transfer, it is necessary to numerically solve the Boltzmann equation, taking
into account the absorption, emission, and scattering terms. However, this equation
has 3+3+1 dimensional form (3 dimensions in real and phase spaces, respectively,
and 1 dimension in time), and furthermore, the time scale for the interaction be-
tween matter and radiation is often shorter than the dynamical time scale of the
system. Thus, in the current computational resources, it is not feasible to perform
a well-resolved numerical simulation with a sufficient grid resolution. A certain ap-
proximate method incorporating key features of radiation effects is often required
in numerical astrophysics. In particular, no useful formalism for multi-dimensional
simulation in general relativity has been well developed (but see Refs. 1)-3)). Note
that in spherical symmetry, this equation is simplified to a 1+2+1 dimensional form
as formulated in Ref. 4). Simulations with similar formalism were performed in
Ref. 5), and subsequently, sophisticated simulations including the state-of-the-art
microphysics were achieved, e.g., in Refs. 6) and 7). However, the effort has been
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paid only to the spherical symmetric simulations. In this paper, we derive an ap-
proximate formalism of radiation hydrodynamics in general relativity, in which a
numerical simulation will be feasible capturing the physically important ingredients.

Historically, a popular method for approximate radiation hydrodynamics is a
flux-limited diffusion (FLD) method.®) In this method, the radiation flux density is
in general assumed to be described by the radiation energy density, and resulting
evolution equation for the radiation energy density becomes a diffusion-type equa-
tion in the optically thick region (cf. §5). In this case, the propagation speed of
characteristics may be larger than the speed of light, although in general relativ-
ity, the causality must not be violated. Another drawback of the FLD scheme is
associated with the presence of constraint equations (Hamiltonian and momentum
constraints) in the initial value problem of general relativity: In numerical relativity
for multi-dimensional problems, we usually solve the evolution equations of Einstein’s
equation and matter equations self-consistently. As a result, the constraints are sat-
isfied within a numerical error. However, in the case that we do not solve the energy
and momentum equations for the radiation field self-consistently, the constraints are
violated. In the FLD method, one solves an equation only for the radiation energy
density component, and hence, the constraints will be violated in general.

Truncated moment formalisms have also been proposed for an approximate so-
lution of radiation hydrodynamics’)?) (see also Ref. 9) for an application). In this
approach, one derives a set of covariant equations for multi-pole moments defined
from the distribution function of radiation. Then, assuming that higher-order mo-
ments may be neglected and imposing closure relations, a closed covariant form of
basic equations is derived. With an appropriate choice of the closure relation, the
causal relation can be preserved, and furthermore, a solution of the radiation trans-
fer in the optically thick and thin limits can be derived from the resulting equations.
In this paper, we derive a truncated moment formalism in general relativity follow-
ing the covariant formalism developed by Thorne.?) In addition, we derive a closed
coordinate-independent formalism including the absorption, emission, and collision
terms, focusing specifically on neutrino transfer in high-density and high-temperature
medium.

The paper is organized as follows: In §2, we review the covariant moment for-
malism derived by Thorne.? In 83, a truncated moment formalism is presented,
assuming a physically reasonable specific form for the distribution function. In §4,
source terms of the moment formalism are written in terms only of the radiation field
variables employed in our truncated moment formalism, focusing specifically on neu-
trino transfer. In §5, approximate solutions for the radiation fields in the optically
thick limit are derived. In §6, we propose a closure relation among the radiation
scalar, vector, and tensor. We also derive the characteristic propagation speeds of
the radiation field in the optically thick and thin limits for the chosen closure rela-
tion. In §7, hydrodynamic equations coupled with the radiation fields are derived.
In §8, radiation hydrodynamic equations in a slow-motion limit (usually referred to
as Newtonian radiation hydrodynamic equations) are derived. Section 9 is devoted
to a summary. Throughout this paper, Greek (a, 3, 7v---) and Latin (i, j, k---)
subscripts denote the spacetime and space components, except for v which always
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denotes the angular frequency of radiation (which never be the subscript of space or
time). z* always denotes spacetime coordinates. We assume to use the Cartesian
coordinates as the spatial coordinates z for simplicity. Unless otherwise stated, the
units of ¢ = 1 = h are used, where c is the speed of light and h the Planck constant.
ky, denotes the Boltzmann constant.

§2. Moment formalism of Thorne

First, we review Thorne’s moment formalism.?) In the first step, he defines an
unprojected moment of massless particles associated with a moving medium as

@, 2P)o (v —v))
i < [ i,
where f is the distribution function of the relevant radiation, v’ = —u,p™ the fre-

quency of the radiation in the rest-frame of the medium (i.e, in the rest-frame of
the fiducial observer) with u* being medium’s four velocity, p* the four-momentum
of the radiation, and dV), the invariant integration element on the light cone. &,
here, is positive integer, 1, 2, ---. As pointed out by Thorne,? the choice of the
fiducial observer is crucial when deriving a good truncated formalism from his mo-
ment formalism. In the following, the fluid, coupled with the radiation, is chosen
as the medium.?10:11) Namely, the frequency, v, in M (glaz'"a’“ always denote the
frequency measured in the rest-frame of the fluid throughout this paper. This choice
is crucially helpful when computing the source terms of the radiation equations.

We note that it is possible to choose any fiducial frame in the moment formalism.
However, we have to keep in mind that for a truncated moment formalism in a closed
form, it is necessary to assume a closure relation which is determined by a physically
reasonable assumption. In the dense medium, radiation is strongly coupled to the
matter field. This implies that at the zeroth order, the radiation is in equilibrium
with the medium, and radiation flow (measured by an observer comoving with the
matter) is a small correction. To reproduce this feature in the closure relation, the
best method seems to choose the fluid rest frame as the fiducial frame.

We also note the following: As a result of our choice of the fiducial frame, the
argument frequency in the distribution function is always the frequency measured in
the fluid rest frame. By contrast, the argument variable should be in general the
frequency in the laboratory frame (although any frame can be taken), if one fully
solves the Boltzmann equation that the distribution function obeys.

The Boltzmann equation is written in the form?

da® Of _di' Of _

—_— - — (—p® {T—" )
d'T 8xa+ dT apz ( p uOé)S(p , L 7f)7 (2 2)

where S denotes a source term and 7 the affine parameter of a trajectory of radiation
particles. In any orthonormal frame, the invariant integration element is given by'?

dptdpdp?

dv, = -
P 0

: (2-3)
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where p* is the four-momentum of the radiation in the local orthonormal frame. In
the local rest frame of an observer comoving with the fluid,

dVy, = vdvd{2, (2:4)

where [ df2 denotes integrations over solid angle on an unit sphere.
For the following, we write p® in the form

dz®

o= p* =v(u® + %), (2-5)

where (% is a unit normal four-vector orthogonal to u®; £o¢“ = 1 and u,¢® = 0.
Using this decomposition of p®, Eq. (2-1) is rewritten to give

MG = [ o 2 ) ) ). (26

Here, the angular dependence is included in /% and the following relations hold,
1 1
/ A =0 = / doe ey, — / dee e’ = Zpos,
4 3
L / AP — - (haﬁmﬁ +heTR® ha5hﬁ7). (2:7)
4T 15
hag is the projection operator defined by
hag = gap + uaug. (2-8)

Following Thorne,? we denote M (5;10‘2"'% by M (:;k. Taking the covariant derivatives

of M (:;’“ﬁ , we obtain a covariant equation with respect to real-space coordinates?

A O Ay Ay _GgA

VM V)" — E(V (V)’“ "Vaug) — (k- l)M(V)’C Vyug = S(V)k, (2:9)
where V,, denotes the covariant derivative associated with the spacetime metric g,g,
and

Sy = [ S0n @, P 4 € 4 £ (04 1)L, (210

Here, the spacetime derivative is taken holding v and the frequency derivative is
taken holding spacetime location. It should be noted that Eq. (2-9) has a coordinate-
independent form as stressed by Thorne.?) Also, the following relation is worthy to
note:

M A¥Pyg = —M

o o, (2:11)

@)

Thus, the rank-(k + 1) equations include the lower-rank equations.
Since the frequency, v, in Eq. (2-9) denotes the frequency observed in a fluid-
rest frame, not in the laboratory frame, M (;;’C is not directly related to the spectrum
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observed in the laboratory frame. However, if the fluid is assumed to be at rest
in a distant zone far away from a radiation source where we observe the spectrum,
the radiation moments in the fluid-rest frame agree with those in the laboratory
frame. We suppose that the present formalism will be used for the system that
this assumption holds, e.g., supernova stellar core collapse and merger of compact
objects. Thus, it is possible to directly compute the radiation spectrum from M (:;k,
if we estimate it for r — oo (cf. Appendix A for an example).

Integrating Eq. (2-9) by v, we obtain (for each species of the radiation compo-
nent)

VaMAP — (k — 1)MW1V ug = S4k, (2-12)
where

MAx :/ dZ/M(:;"’ and S :/ dl/S'(:‘)k’. (2-13)
0 0

Equation (2-12) is essentially the same as the moment formalism derived by Anderson
and Spiegel.) We note that the second-rank tensor M? is equal to the energy-
momentum tensor for one of the radiation components.

In the following, we analyze only the second-rank part of Eq. (2:9), truncating
the higher-rank parts (in §5, we partly use the third-rank equation for deriving a
solution in the absence of closure relation). In the next section, we develop such
formalism.

§3. Truncated moment formalism

First of all, we define the following moments:

Joy =1 / f(v, 2,2")df, (3-1)
Hy =0 / 0 f (v, 2,2")ds, (32)
P / 4B F (v, 2, 2MVd9, (3:3)
N(jf’Y =10 / 00 f (v, 2, 2)dS2. (3-4)

Here, all these integrals are assumed to be performed in the local rest frame comoving
with the fluid, and v denotes the angular frequency of radiation measured in this
local rest frame. The second- and third-rank moments are denoted by
af a, B a, B B, «a af .
M,y = Joyuu” + Hgyu” + H ju® + L7 (3-5)

(5367 = J(l,)uauﬂu“’ + H(lf‘)uﬁu“’ + H(f)uauv + H(Z)uau’g

Svub’ +L By +N aﬁw’ (3-6)

Oéﬁ ¥
tLoyu'+ L, ) )

v)
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and the total stress-energy tensor for the radiation is

T = => / dvM,; "‘5 (3-7)

where the summation denotes summing up for all the species of the radiation.

In our truncated formalism, (i) we formally define the zeroth-, first-, second- and
third-rank moments from the distribution function, and (ii) we solve the evolution
equations only for the zeroth- and first-rank moments. For the optically thick region,
this is approximately equivalent to assuming that the degree of anisotropy of the
distribution function in the fluid local rest frame is weak and that the distribution
function is approximated by

F, 2,2") = fo(v, a) + 2 (v, 2"Vl + 25 (v, )0l 5. (3-8)

Here, fo, f{, and f3' # do not depend on the propagation angle of radiation in the fluid
local rest frame and f5' # is a traceless tensor with respect to hag (e, f3 p hop = 0).

We assume that |fo| is much larger than the absolute magnitude of f{* and f5" #. For
the expansion of Eq. (3-8), we obtain

Jo) = 4w fo, (3:9)
Hy = ?V?’fl ) (3-10)
4 2 1 8
af _ *T 3 aB | £ raB\ _ 2 af | " 3 raB )
Ly =50 (foh? + 2£5°) = SIh™ + V57, (3:11)
apy _ L(ays B o v a8 .
Ny = 2 (H@W + B0 + B o), (312)

where we used the relations (2-7). Thus, fo and f{* are directly related to Ji,) and

H (3)7 and f3' 5 o the traceless part of L(S)ﬁ , respectively. Because of the truncated

expansion for f(v, 2, z"), we naturally obtain a closure relation for N (f)ﬁ i

For the optically thin limit, by contrast, we should first give a physical assump-
tion n the laboratory frame because the radiation does not interact with matter.
We employ the assumptions that the radiation should propagate with the speed of
light and the radiation flow at each spacetime point should be pointed to a null
direction. The former assumption then implies that the radiation flow is pointed
to a null direction in any frame (although the spacetime coordinate basis changes).
Thus, for such region, the distribution function may be written in the form (see §6.1
for details)

f(v, 2,2") = 4m fe(v, 2")0 (82 — §2), (3-13)
where (2 denotes the flow direction in the fluid rest frame, and f;(v, x*) is the partial
distribution function of {2 = (2. Then, the radiation moments are calculated to give

Jy = 4mP fy, (3-14)
H(g) = 413 fel, (3-15)

L = dmi® folg ey, (3-16)
N, 5)57 = 4m fpe2 020 (3-17)
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where (¢ denotes the unit vector of the flow direction (observed in the fluid-rest
frame). In Appendix A, we illustrate that the assumption of (3-14)—(3:17) would
be appropriate for providing the radiation field solution in the optically thin-limit
medium.

The equations for J,) and H, (3) are derived from the second-rank part of Eq. (2-9)
as

o a o 6%
VM - %(VM(V)MVWB) =S5, (3-18)

where
M(;)‘)mvfgu7 = (H(g)uo‘uﬁ + L(l‘j‘)”uﬁ + L(fyua + N(f‘)m)vﬁu7

= (Hue + 1) o + (L + NG ) S 319)

The acceleration a® and the shear X3 are defined by
a® = u’Vgu®, (3-20)
1

T = hahg | Votts + Vs, . (3-21)
To obtain a closed set of the equations, we have to determine L(z‘)ﬁ [N (f)ﬁ 7 is given by
Eq. (3:12) or (3-17)]. Instead of solving the equation for this, which may be derived
from the moment equation of third rank, we will assume a closure relation for it; an
artificial (but physically reasonable) relation between L(S)ﬁ and (J(,y, H (o)) Will be

assumed (see §6).
Substituting Eq. (3-5) into Eq. (3-18), the evolution equations for J(,y and H(O‘

v)
are obtained as

(e (03 8 a a
VaQ@) + Q) Vata = 5-[(Q) Vatia)] = =5(tia, (3-22)
a o O o N .
hka VBQ(y)ﬁ + Q(f)Vgu — E[V(L(V)’yuﬁ + N(V)B’Y)V,BUW] = hiaS(g), (3:23)
where
a af o a o
Quy = —Myyug = Joyu® + Hp), (3-24)
af . _ pa B _ a, B af .
Q(u) = hO My = Hoyu” + Ly (3-25)

The frequency-integrated equations are

VaQ" + QVsuy = —S%uq, (3-26)
B (V5Q%P 4+ QPV 5u®) = hyaS®, (3-27)

where

Q“ ::/ dv@Q ), Q8 ::/ dyQ(S)ﬁ. (3-28)
0 0
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Thus, the equations are not in the conservation form; the reason is that Q° and Q*°
are not conservative quantities even in the absence of the source terms.
Instead of using Eq. (3-5), M(Sﬁ may be written by

M = By n® + Fgn® + F Jn® + P, (3-29)

where n® is a unit vector orthogonal to the spacelike hypersurface. E,), F, ( If‘), and

P(f)ﬁ may be regarded as radiation fields measured in the laboratory frame. We note
again that the meaning of the frequency, v, is unchanged; it is the frequency observed
in the fluid rest frame. To obtain the quantities fully defined in the laboratory frame,
we need the transformation of v to the frequency measured in the laboratory frame.
However, in the moment formalism, we do not consider such transformation, as
already mentioned.

We however assume that u” = n* in the far region with r — oo as mentioned
in §2. Our primary purpose is to develop an approximate formalism which can be
used for simulation of stellar core collapse and merger of binary compact objects.
For such a purpose, this assumption is acceptable. Thus, for r — oo, we suppose
that £,y = Jg), F;) = H)), and P(VO‘)B = L(Z‘j‘)ﬁ, and v agrees with the frequency
measured in the laboratory frame. Therefore, if E, is extracted in a distant zone in
the numerical simulation, we can obtain the spectrum of the radiation.

In the 341 formulation of general relativity,

no — (l, —5—k), (3-30)

« (0%

where a is the lapse function and (¥ the shift vector. Then, Ewy, F, (1?)7 and P(Va)ﬁ

are defined by

— af i af i o aB i g
E(V) = M(l/) nang, F(V) = _M(V) na’yg, P(l/g = ) Yo ’Yﬂjv (331)

where 7,3 is the three metric
Yo ‘= Yap T Nang- (3'32)

— B, _ : 0 _ pOa _
Because F(,j'gna = P(f; no = 0, we have the relations F(V) = P(V)O‘ =0. )
Here, we consider a formalism in which E,) and F f) are evolved, and P(Vlg is

determined by a closure relation. Then, J(,) and H, (3) are determined by

Jw) = Epyw® = 2F Swug + P uu;, (3-33)

H$) = (Bpyw — Fyup)h®n” +whF, f) - h%ujp(jg , (3-34)

where w = au’. We note haﬁnﬁ = n% — wu® and nahaﬁ’ygk = —wuy. For later
convenience, we give relations

Qo = —Jwyw + H\ne = —Epyw + FSup, (3-35)

QyYai = Jwyui + Hyys = wFuy — Py jiun: (3-36)
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As mentioned before, it is natural to assume that u; =0 (w = 1/a ~ 1) for the dis-
tant zone far from the radiation source. Then, both the asymptotic power spectrum
densities, F(, and J(,, agree with each other, because the frequency v agrees with
that in the laboratory frame.

The evolution equations for E,) and F,); are written in the conservative forms
as

OUNAE W) + OVAES) ~ P B + 5 (vayTna 57V us)

= OJ\/"_Y[PV Kij - F(V)aj Ina — S( )na] (337)
(v VFwy) + 051V (b, D= BUF))] — (Voc\f%a vauﬁ)
= V[ = Bawdha+ FundiB* + S PN o+ aSGial, (339)

where 7 is the determinant of v;; and Kj; the extrinsic curvature.
The frequency-integrated equations are

Q(VAE) + 0l (aF’ — B E)]

= a/F[PYK;j — F/0;Ina — S%n,), (3-39)
(VAF) + OilA(aP,” — B )]
= \/f_y[ — Eo;a + Fkazﬁk + %Pﬂ“@mjk + O(Sa’)/m} , (3'40)
where
E ::A dVE(V), Fj Z:/O dl/F(V)j, pPY ::A dI/P(lg (341)

Equations (3-39) and (3-40) have fully conservative forms, because E and F; are the
conservative quantities in the absence of the source terms and gravitational fields.
Thus in the numerical simulation, it will be better to adopt basic equations based
on Egs. (3-37) and (3-38).

§4. Source terms

The source terms for the second-rank radiation field equations, S(,f“), have to be

written in terms of the radiation moments (.J,, H, ()’ L(z‘)ﬁ ). S,y is formally written

as
5.8 =18 / Boy(2. 2) (u® + £4)d22, (4-1)

where B, is the so-called collision integral. In the following, we assume that S,
and B, are written as a function of the phase-space coordinate defined in the local
rest frame of the fluid. The real coordinate, x*, is arbitrarily chosen.

We derive the source terms focusing on the neutrino transfer in a high-density
and high-temperature medium. We show that under a reasonable and often-used
assumption (anisotropy of the collision integral is small), the source terms are totally

written in terms of J,), H%), and L5



1264 M. Shibata, K. Kiuchi, Y. Sekiguchi and Y. Suwa

4.1. Neutrino absorption and emission

First, we consider the absorption and emission of neutrinos by nucleons and
heavy nuclei such as n+v, < p+e~, p+v. <> n+e’, and (Z, A)+v. < (Z—1,A)+e",
where n, p, e¥, v, (7.), and (Z, A) denote neutrons, protons, electrons (positrons),
electron neutrinos (anti neutrinos), and heavy nuclei, respectively. For these cases,
the collision integral is written in the form'%)13)

f(v, 02, 2H)

By = jonll — f(v, 2,2")] —
(v) ](V)[ f(l/, y L )] )\(y)

where j,) denotes the emissivity, A(,y is the neutrino absorption mean free path, and
f(v, 02, 2#) denotes the distribution function of relevant neutrinos (in the following,
we omit the argument x# in f). j,y and \(,) are quantities independent of the
neutrino propagation angle, 2.

The integral of Eq. (4-1) is easily performed to give

a - 3 « o o . -1
S(u): 471’](,/)V U — (J(,,)U =+ H(V)> (j(,/) =+ )‘(y))
. 1 e a ey
= (o) + A [ = Twu® — BB (43)

where ‘
](V) 3 re
T4 =4 = A3 F9(v) (4-4)
. 1 )
(v) ](V) + )\(V)
and f°I(v) is the equilibrium distribution function. For neutrinos (fermions),

feq<y)_ ( !

= et /T 11

(4-5)

where . and T are the chemical potential and the temperature for the corresponding
species of neutrinos which are in thermal equilibrium with matter. For the following,
we define the opacity as

S -1
Rw) = Jw) T Ay (4-:6)
and thus,

S(l(jl) = H(V) (JZ?) — J(l,))uo‘ — H(l?l)] . (4~7)

4.2. Neutrino-electron scattering

Neutrinos are scattered by electrons, nucleons, and heavy nuclei. In the case of
electron scattering, the collision integral is generally written as!2?)-13)

aw:/w%mmw@uwﬂ—ﬂumpw@ww)
—f(y, Q){l - f(V/7“Q/)}ROUt(V7 Vl?"‘))]? (4'8)

where w is the cosine of the scattering angle, and R™ and R°" are the scattering
kernels. Following Refs. 12) and 13), we approximate these kernels by taking the
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terms up to the linear order in w, i.e.,

R™(v,,w) = R (v, V) + R (v, )w, (4-9)
R (v,v/,w) = R3" (v, V) + RY" (v, vV )w. (4-10)

w is related to the angular part of the momentum-space coordinates 2 = (6, ¢) and
' = (0,¢) of the ingoing and outgoing neutrinos by

w = cosfcos B + sinfsin @ cos(p — ¢), (4-11)
and thus, we have the following relations:
« pf o} Ar /e

wd2 =0= [ wl®"ds2, wl®d(? = ?E . (4-12)

Consequently, the collision integral is written as

2 3.7 /\ pin / 1 ar / in /
By=4r [ v2dv [{1 = f. Q}{ o )R (v, v)) + S R0 a R (0,0) |
ou 1 (0% ou

— e D{{A = o NEF ) = S W) B ) ], (4-13)

and the source term is

(0% dV, (0% (0% 1n
S(l/) = / 7 |:{(47TV3 — J(V))u — H(y)}J(V’)R

H(’(/l/) 3 in / out /
+ T{(Zlﬁy = Jo)) B (v, V') + Jo) RT™ (v, v )}
(o H ) HGyu® + E G o H AR (1) — R (0,1}
— (Joyu® + Hy)(4m® = Jn) B (v, )] (414)

where L 7 is the traceless part of L “:
) )

Fab af 1 a
Ly =Ly = 3dmh™. (4-15)

Because of the approximation in which the terms up to the linear order in w for the
scattering kernel are taken into account, the source term is totally written in terms
af
of J(V), H(l?l), and L(V) .
4.3. Pair production

For the thermal neutrino pair production and pair annihilation, the collision
integral has the following form:'%)»13)

B, :/V'2dz/d(2'[{1— flv, M1 — (/' 2V} RP (v, v, w)
— fv, D) f(V, 2)VR*™ (v, w)], (4-16)
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where f and f are the distribution functions of neutrinos and anti-neutrinos, re-
spectively, and RP™ and R*"™ are the integration kernels for pair production and
annihilation, respectively. This integral can be performed in the same manner as in
the neutrino-electron scattering: For the expansion up to the linear order in w,

]%I)TO(V7 V/,u)) — RSFO(}/’ V/) + Rll)rO(V, V/)w, (417)
R (v, w) = RZ™(v,V") + R"™ (v, V" )w, (4-18)
we obtain
(o3 dv/ 3\, « /3 T pro /
Soy=[ - [ —{(J) — 4 u® + H Y (4mv™ = Jn) Ry (v, V)
H(l‘j‘,

- (4 — S RY ) + T R () }

t (hao H ) H yu® + L) gH ) [RY (v, ') = Ry™ (v, )]
o (J(V)ua + H(zix))j(l/)Rgnn(Vv V,) ) (419)

where the quantities with bar denote the radiation moments for anti-neutrinos.

Again, the source term is totally written in terms of J,), H(l?‘), and L(s)ﬁ.

4.4. Isoenergy neutrino scattering

In the neutrino scattering with nucleons and heavy nuclei, the energy exchange
may be assumed to be zero. In such isoenergetic neutrino scattering, the collision
integral is written as!?-13)

By =v* [ {1~ £ D)0, ) = Fr. 21~ Fl0, 2 NR(0,)

= V2/d!2'[f(u, ) — f(v, 2)|R*(v,w), (4-20)

where v denotes the angular frequency of the ingoing and outgoing neutrinos. Fol-
lowing Refs. 12) and 13), we again approximate the kernel R™°(v,w) by taking the
terms up to the linear order in w as

Riso(l/,w) = RESO(V) + wRilSO(y). (4-21)
Then,
1 i (&% iso
By = 42 [ [ 0) - (it + 570t BE W) (422)
and thus,
Su) = —weHe): (4-23)
where
iso iso 1 iso
i) = dmv® [Ro (v) = 3R (V). (4:24)

Therefore, the source term depends only on the radiation flux (not on J(,)), as clearly
shown in Ref. 13) [cf. Eq. (A.46) of Ref. 13)].
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§5. Optically thick limit

In this section, we derive a solution of the radiation moment equations for the
limit that the radiation is optically thick to absorption and scattering with matter
fields. For neutrinos, such a limit may be realized only for a special phenomena,
such as stellar core collapse and merger of binary neutron stars, in which an extreme
state of high density and high temperature is likely to be realized. However, it is
quite useful to derive the solution for the idealized situation and to confirm that the
derived solution is physical, for validating a new formalism.

In the following, we analyze the radiation moment equations derived in the
previous sections, taking into account only the neutrino absorption, emission, and
isoenergy scattering for simplicity, for which the source terms of the collision integral
are written by Eqgs. (4-3) and (4-23). Then, the source terms of Egs. (3-22) and (3-23)
are in the form

—S(f,l)ua = ﬁ(u)(‘]?l(}) - J(l/))? (51)
hiaS iy = =)y H )k, (5-2)

where _
fi(,,) = K() + ﬁl(?jo). (5'3)

We define a mean free path as the inverse of the opacity
l(y) = R(_Vl), (54)

which measures the optical thickness of neutrinos: In the optically thick limit, /()
is much smaller than a characteristic length scale of system (e.g., a stellar radius
or p/[¢#V ,p|), and the radiation fields may be expanded by [(,) assuming that it is
sufficiently small’) (this is the so-called Thomas approximation'):?)). Assuming that
/Z;(_Vl) is also of order [(,), we can expand the radiation moments as

_ 7e 1) 2

Twy = )+l Ty + 005, (55)

a 7 1o 2

ag _ L, 40 (1ap 2
L(V) = gJ(l,)h s + l(l,)L(V) + O(l(y)), (5.7)

l

afy _ ') (Day By (LB oy Dv,a8 2 .

Noy ' =5 (H(v) hP7 4 Hi "R+ Heyh )JFO(Z(V))? (5-8)

where [(V) = /%(_Vl) In the following, we determine J,), H(S‘), and L(S)ﬁ up to the first

7 (DB

order in [(,) (I(,)). For this purpose (specifically for deriving L( ), it is necessary to

1
v)
analyze not only the second-rank moment equations but also the third-rank moment
equations

e afvyé 0 afvyé «
VoM = M3V — o (M Vsuy) = 50 (5:9)
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Thus, we have to take into account the fourth-rank moment as

U= / OO0 (v, 2, 2M)dS2, (5-10)

and expand up to the zeroth order in /() as

1
o= 15 ey PR W bR + O(l,). (5-11)

In addition, we have to calculate the second-rank moment of the source term which
is

aﬁ_i eq a, B laﬁ _l(_’/) a,
S(V) _l(y) (J(V) J(,,))<u u +3h > i(y)(H(V)u +H

Iy - )
— Wy L(f;hﬁ)}, (5-12)

2l @)

)

where l}; =FRu) = Kw) + 47TV2RiOS°.

The expanded solutions for the radiation moments are determined from the
expanded equations for Egs. (3-22) and (3-23) in each order in [(,). Their zeroth-
order equations give the first-order solutions

1 _ _1 a eq eq 2 eq a .
I3 =3 [3u Vol + (4J(V) 8V(I/J(V))>Vau } (5-13)
Da 71 af eq eq g eq ~y .
Hyy = —3h Vol + (4755 ay(”m))“ Vyug). (514)

1

14
Taking into account that this term is traceless and its component is perpendicular
to u®, we obtain

and Lg %aﬁ is derived from the zeroth-order part of the third-rank moment equation.

I 9,
Dap _ ) eq O eq\| _af )
L) B (478 = -] 07, (5-15)
where
2
07 = RNV g + Vauy - ghwvguﬂ . (516)

For the frequency-integrated case, all these solutions agree with those in Ref. 1).
The physical meaning of the first-order correction for the frequency-dependent equa-
tions (except for the diffusion effect associated with the term VaJef)) is essentially
the same as that for the frequency-integrated case: The first-order corrections of
Jwy, H(l‘f), and L(S)ﬁ are associated with the fluid expansion (© = V,u®), the fluid
acceleration (ag = u*Vaug), and the fluid shear (oqp3).

We note that from the derived first-order solutions, the second-order solutions

for Ji,) and H j are easily derived from Eqgs. (3-22) and (3-23):
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01 g ) ge, 1 s
+v ay[ Ty® + 1 HG) 0+ 5 L) Tas). (5-17)

z z
o _ o s 0 08y g OBG 0 (o) 4 0
H)® =~ [Va(H) 1, "W ) +H) Vou +31(V) (V17) +47)a")

0 v 04, o (s, 1 (g, 108 o
_5{”(35@)‘]@) G I MO U )} 619

where J(( )) and H (( ))a are the coefficients of l( ) and l?y), respectively. For clarifying

the order and for simplicity, we here assume that [(,) and l~(,,) are constants.

It is interesting to note that for the frequency-integrated case,!) the magnitude
of the first-order terms is proportional to J°4 where for each species of neutrinos

Jea — / IS, (5:19)
0
For the frequency-dependent equations, the magnitude depends universally on
10 47ry4 afei(v)
eq eq
J(V) 4 0v (VJ( )) 4 ov
hv
1— fed -2
= T = ). (520)

Because of the presence of a factor 1 — f°4(v) and f°4(v), these first-order corrections
play a role only by neutrinos of energy around p. — k7T S hv < pe + kpT, i.e., near
the Fermi surface, if the corresponding species of neutrinos is degenerate. This is a
reasonable consequence and characteristic property for fermions.*

The first-order solutions for J,y, H, (3)7 and L(S)/B may be used to constitute a
diffusion equation from which the first-order solutions are produced. Substituting
the first-order solution into Eq. (3-22) with replacement of J(ef) to J,) gives

Va(Jpyu®) — %Va [fm (h“ﬁ Vi d) + 4j<v)“a)}

1% 8 7 o T o 8 T Q,
= 35017000 ~ 1) (Ve + 400 ) = £l Jy0asr™
=) (G = Jw); (5:21)
where
] 10
Ty = J) = 135, 0)- (5:22)

Thus in general, the diffusion equation is modified by the acceleration and shear
motion of the fluid and by neutrinos, if we do not assume the slow motion of the
fluid.

*) We note that only electron neutrinos can be degenerate in general. For antielectron neutrinos,
e < 0 and for muon and tau neutrinos, pu. = 0, when these neutrinos are in thermal equilibrium
with matter. Thus, these are not degenerate in general.
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We note that in an FLD approximation, the first-order solution for H (3) is mod-
ified as

lw) o)
H® =—— BNV 30 + (4d ) — =— (W) )0 Vaugl,
S Y S AL [ ) ( 0~ g, <>)>“ ”“ﬁ}

(5-23)

and is then substituted in Eq. (3-22). With this prescription, the equation for J,

reduces to a wave equation with the characteristic speed ~ c for the case that [, is
much longer than a characteristic length scale of the system.

§6. Closure relations

In the truncated moment formalism derived in §3, we proposed to solve the
equations for E(,) and F(lf) but not to solve that for P(,jg, which is assumed to

be determined in terms of E,) and F(Vi). In this section, we propose a physically
reasonable closure relation.

6.1. Optically thin case

In the limit that the optical depth is zero, the emission, absorption, and scat-
tering are negligible. When the source term of the radiation field equations can be
neglected, the radiation freely propagates, and the radiation moments should obey
a wave equation with no source.

One example for such region is the asymptotically flat region, far from the ra-
diation source where curved spacetime effects as well as hydrodynamic effects play
a tiny role (e.g., we may consider u* ~ n*, J,) ~ E,, and H(I‘j‘) R F(;S as already
mentioned in §§2 and 3). Thus, any closure relation assumed has to satisfy at least
the equations in the flat spacetime. ‘

For the flat spacetime, we obtain the equation for F) ( Vj) from Eq. (3-37)

0 (VIF}) =0, (6:1)

where 7 is the determinant of the flat three metric n;;. This provides a reasonable

solution of F( lf) for the spatial infinity; for the spherically symmetric flow, F(VT) x 72,

and for the plane symmetric flow, F(iy) = constant for the flow direction. On the
other hand, Eq. (3-38) gives

U

For an appropriate solution of E,), the following closure relation is the first
candidate (and is that we finally choose):

Fapf
pos_ E(y)%_ (6:3)
%iiF) Fo)
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This choice satisfies Eq. (6-2) in the asymptotically flat region. This is regarded
as a general relativistic extension of the so-called M1 closure'¥:19) for the optically
thin-limit region. In this case, E(,) o r~2 for the spherical symmetric flow and
E(,) = constant for the plane symmetric flow, and hence, the reasonable condition
is guaranteed. Furthermore, P( 3)k Yk 1s equal to E(,y in this condition, guaranteeing
the necessary condition for the radiation fields, gagTr‘zg = 0.

It should be noted that this choice with no modification may not be accepted in
general relativity, because two of the characteristic speeds of the wave equations for
E,) and F, ( Vk) may exceed the speed of light (see §6.4 and Appendix B). The pure

choice of this closure relation is allowed only for

Ewy =\ F ) F s (6-4)

in which the characteristic speed is guaranteed to be equal to the speed of light. This

is guaranteed in the optically thin limit. However, for E(,) > ,/’yijF(lf)F ( 3) which

may often happen in a not-completely free streaming region, the characteristic speed
may exceed the speed of light. This implies that an appropriate modification in the
grey region is required in the choice of this closure relation to satisfy Eq. (6-4)
(see §6.3 for a candidate choice of variable Eddington factor in the grey region and
Appendix C for a satisfactory test result).

Another possible candidate is

Fop?
p B _ ) (6-5)

) pipd
Vit Fe)

This choice also satisfies Eq. (6-2) in the asymptotic region. With Eq. (6-5), Eq. (6-2)
for the spherical and plane-symmetric stationary flows is written as

ViIF Lk opi' =0, (6-6)

k

where n" is a unit vector parallel to F( Vk’)

Fk
S O N— (67)

i
Vit Ee)

For the spherical and plane-symmetric stationary flows, the condition (6-6) is guar-
anteed, and hence, the closure relation (6-5) is acceptable.

With this choice, the characteristic speed of the equation for F{,); is approx-
imately the speed of light in the asymptotically flat region (see §6.4). However,

P( If)k 7jk is not a priori guaranteed to be equal to E,y; for this condition to be satis-

fied, ,/%J-F(IE)F( 3) has to be equal to E(,) but the condition will not be satisfied in

the near zone, i.e., near the emission source (cf. Appendix B). Only in the far zone,
this condition seems to be followed from Eq. (3-:37) because the radiation propagates

’ka
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with the speed of light as ]F(f)\ ~ E,). Because of this reason, we choose Eq. (6-3)
for the closure relation.

It is reasonable to suppose that Eqgs. (6-3) and (6-4) are satisfied in the optically
thin limit. Because we have F(‘f/ )= E) f* where f is a unit spatial vector, fof* =

1, and orthogonal to n®, n®f, = 0. J,), H(l‘j‘), and L(S)B are rewritten by

Jwy = M(f;ﬂuoﬂw = Eq) (u¥qa)?, (6-8)

Hy = =M ugh,” = —Eyu’qshyq", (6:9)
af . 01 a B o a1 B )

Lgy =M hhg” = Eoyh"hy"q" ¢, (6-10)

where ¢® = n® + f® is a null vector. Defining 473 f; = E(l,)(u"‘qa)2 and [f =
—hﬁaqﬁ/(u“qﬂ), we obtain Egs. (3:14)—(3-16), and find it reasonable to assume
Eq. (3-13) as the distribution function in the optically thin limit. It is easy to
confirm that [{'l¢, = 1 for the above definition.

Finally, we have to give a closure relation for the third-rank moment. We propose
to employ

JnHSHH

o (v) v
(V)ﬂ’?’ - (hagH, a]{( . )?E/; (6-11)
B () (V)
or
H O‘H H
N(;x)ﬂ’y h( )H(a)H(ﬂ) (6:12)
B )M w)

I by Eq. (3-34). Associated with the choice

Here H(;") is related to E(,), F(lf), and P, i)

(v
of Eq. (6-3), we choose Eq. (6-11).
6.2. Optically thick case
As shown in §5, in the optically thick limit with /() — 0 (or k() — o0), L(S)ﬁ is
written as

o 4o 10
h oy = T l00 [Ty = 155 00| O (613)

The correction term of O(l(,)) is associated with the so-called radiation viscosity.

Ly =

With this prescription, we can incorporate the first-order effect of L (S)ﬁ in [(,,) without

solving the third-rank moment equation. (Note that N(;l)’g 7 should be given by
Eq. (3-12) in the present formalism.) For the case that the velocity of the medium is
much smaller than the speed of light, |[v'| < ¢, the term of O(l(,)) may be neglected.
This term will play a role for the medium moving around a black hole, such as in
black hole accretion disks.

For numerical computation, we have to transform the relation of Eq. (6-13) to
the relation of P(Vig as a function of E,) and F(Ui). For this purpose, we omit the
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term, d(vJ(,)/0v, for simplicity. The reason is that in its presence, P(,fg is not
written by E(,) and F( If) in a straightforward manner (although it is possible to do
in an approximate manner). For the frequency-integrated case, this term vanishes,
and hence, we may say that the radiation viscosity effect is taken into account in
a frequency-averaged way. However, in this treatment, the low-energy neutrinos,
which should not contribute to the radiation viscosity for degenerate neutrinos, may
incorrectly play a role. To avoid this unphysical contribution, it will be appropriate to
artificially reduce Z(V) to zero for hv < pe — kT when treating degenerate neutrinos.

Assuming that Eq. (6-13) holds with the omission of the third term, we have
the relations

quw? — 1

By = | =5— = 00| Ji) + 2Hu5V7, (6-14)
4 w ;
Flyi = | 3wt + 1] J) + wHpyi + = V7, (6-15)
where V' = ~%u; (V; = u;), and
) og i) o
00 = —70 Nang, 0;= 15 ¢ NaYBi- (6-16)

Also, we used H,),u® = 0 and H(B) = (aw) 'H(,);V". Equations (6-14) and (6-15)

constitute simultaneous equations for Ji,) and H,);. Inverting them yields

2w? + 1 -1
Jw) = [ 3 T 00} [(2102 —1Eq) — 2wF(Vk)Uk;], (6-17)

1 1
Hiyy = —Fuyi +

i w(2w2 11+ 300) [_[421)311«1‘ + 3(211)2 —1)o; + SUOwui]E(V)

+[(4w? + 1)u; + 6wo; + 3o0u] FJup | - (6-18)

Note that F. %
()

Also wog = —o; V. Then, P(Zg is given by

up = Fo)p V¥ but Hoy VP # H fjus H = (M =" up faw) H, .

. i AV 4l .
ij gads ) j
v) J(V) 3 15 (v)
where Ji,) and H [ (= kaH(l’f)) are given by Eqgs. (6-17) and (6-18). With this

closure relation for PJ{ , the necessary condition for the radiation fields, g,5T r‘;ﬁ =0,

P, Vi (619)

O_kl,yki,ylj] + HVI + H

is guaranteed to be satisfied.
We note that with the closure relation (6-19), the first-order term in /() may be
accidentally larger than the zeroth-order term for a high value of ¢;;. Thus, it may

be necessary to change the definition of [, as

l_(y) = min[ﬁ(ly) , Cg< Viu )1/2}, (6-20)

O'aﬁO'aﬂ

where C, is a coefficient smaller than unity.
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6.3. Grey zone

For a solution of the radiation fields in the optically grey zone, in general, it is
necessary to fully solve the radiation transfer equation in general relativity. However,
it is not possible in the framework of truncated moment formalism and far beyond
the scope of this paper. We propose an approximate method which is essentially the
same as the variable Eddington factor method.'®) In this prescription, ng ) is given
by

3(1—x)
2

o3 —1 .
o Iy .
Foy = =3 e +

(P(g)thick, (6-21)

where Y is the so-called variable Eddington factor, which is x = 1/3 in the optically
thick limit and x = 1 in the optically thin limit. Following Ref. 14), we choose that
x is a function of F, for which in general relativity, the candidates are

P F N2
F:<4%%Jl> : (6-22)
)
and
. hapH & H/\1/2
F:(—ﬂﬁLﬂﬁ . (6-23)

)

For the optically thick and thin limits, F =0 and F = 1, respectively. For giving a
correct value of F' in the optically thick limit, Eq. (6-23) should be chosen because
H (Va) should be zero in the comoving frame; if the fluid has a large uniform velocity,

the value of F' in Eq. (6-22) would be highly different from zero even in an optically
thick medium. For giving a correct value of F in the optically thin limit, both
Egs. (6-22) and (6-23) can be chosen, because in such a limit, M(f)ﬁ is proportional
to J(,,)po‘pfg (p* is a null vector) and F' = 1 for the null fluid in both definitions (see
§3). For this reason, we choose Eq. (6-23) for F.

With the choice of (6-23), F obeys an algebraic equation for a given set of Eqw)

and F( VJ). This can be written in the form

_ hay M usM g

M(lf‘)ﬁuauB

FZ

, (6-24)

where for M (j‘)ﬁ , Eq. (3-29) is used with Eq. (6-21). In numerical simulation, we have
to solve this equation numerically. B
Livermore proposed several functions for x(F), e.g.,

AF?
X = il (6-25)

5+42,/4 — 3F?
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In Appendix C, we employ Eq. (6:25), and show that it is likely to work well. How-
ever, it should be kept in mind that it might not be the best one and better closure
relations should be further explored.

For completeness, we have to provide N (lfgﬁ 7. We propose to employ

« 3 - 1 « 3 1 — a
N(V)ﬁ“/ — X2 (N(V)ﬂ’y)thin + %(N(V)Bw)thick, (6-26)

where (N(If‘)ﬂv)thin and (N(f)ﬁﬂf)thick are given by Egs. (6-11) and (3-12), respectively.

6.4. Characteristic speed

For numerical computation with conservation schemes, it is necessary to know
characteristic speeds. Furthermore, the analysis of the characteristic speed is helpful
to check whether the proposed closure relation is acceptable or not (i.e., it is smaller
than the speed of light).

The characteristic speed of the radiation moment equations is computed from the
Jacobian matrix (e.g., Refs. 16)-18)). For the conservative variables F,) and F| (If),

the Jacobian matrix for the = direction is (in the following, we omit the subscript v)

_ﬁx a,ya:z a,ya:y Od’}/zz
OP%, P OP%, OP%, oP.
“oF “or, “0F, “oF.
Agp = opr?, opPT, . opP?, orT, . (6:27)
“BE “OF, S TS
aaPﬂ; aan aapg P aapf{;
| oK OF, O0F, OF,
The characteristic speeds are computed from
det(Aab - )\Iab) =0, (628)
where I, is the unit matrix.
For the optically thin case with the closure relation (6-3),
€T v X F‘T
A= 7/8 T o \/W and )\ = *ﬁ —+ CMEW (double), (629)
and with the closure relation (6-5),
A=—-03" and \=-("+a« (triple). (6-30)

/R FF

As we already pointed out, |A| can exceed the speed of light for the closure relation
(6-3) if the opacity is not zero limit; |EF?®/F,F¥| may exceed the speed of light.
Hence, it is not allowed to be employed without appropriate choice of the variable
Eddington factor for the optically grey zone. By contrast, with the closure relation
(6-5), the characteristic speed is smaller than the speed of light (but in this case, the
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tracefree condition for the stress-energy tensor is not satisfied in general, as already
mentioned).
For the optically thick limit with [,y = 0,

A= g7t 2w?p + \/a27m(2w2 +1) — 2w?p?
2w?2 +1

and A= —0%+p (double), (6-31)

where p = aV*®/w. For w =1 (p = 0), the first one reduces to

p}/(ﬂiﬂ
and thus, we obtain a well-known characteristic speed for the radiation fluid in the

diffusion limit (~ 1/4/3). For w — oo (p — a/\/7zz < 1),
A B4 p, (6-33)

and thus, A approaches to a local light speed (but never exceeds it). For [,y # 0,
the characteristic speed is modified in a complicated form. However as far as [, is
small, this effect is not important.
The general formula for the closure relation (6-3) is written in the following
manner. For i-direction,
(2 7

» F
N and A\ = —('+aF—— (double), (6-34)
k

F,F*k
for the optically thin case, and

A= +a

A= Gt 2w?pt £ \/a27“'(2w2 +1) — 2(wp?)?
N 2w +1

and A= —3'+p' (double), (6-35)

)

for the optically thick case with p' = aV?/w and lwy=0.
§7. Hydrodynamics

A conservative form of the hydrodynamic equations is derived from
Va(pu®) =0, (7-1)
'Yﬁiva(Tf?uﬁid + ng) =0,
nﬁva (T;fld + Tr(;g) =0.

The first, second, and third equations are the continuity, Euler, and energy equations,
respectively. For the perfect fluid,

Tf(lxuid = phuauﬁ =+ Pgaﬁ7 (74)
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where h is the specific enthalpy defined by 1+ ¢+ P/p, and € and P are the specific
internal energy and pressure.

For the neutrino-radiation hydrodynamics, it is further necessary to solve the
continuity equation for leptons or electrons: The continuity equation for electrons is
written in the form

Va(pYeu®) = pQe, (7-5)

where Y. denotes the electron number per nucleon and Q. the electron generation
rate, determined by the electron capture and neutrino capture by nucleons or nuclei.
The explicit forms for these equations are

0e(v/Apw) + 0;(y/Apun’) = 0, (7:6)
0(vAji) + 0V’ + aPs)]

= V| = i+ 0Bt + 550y — a8 vai (7-7)
O (vApn) + 051 o’ + P(v’ + 37)}]

= aﬂ[Sinij — %50k Ina 4 5%, (7-8)
O (VApwYe) + 05(yApwYer!) = pQeav/7, (7-9)

where v’ = u’/u°, and

ji = —T50 nays = pwhu, (7-10)
pn = Tgﬁdnanﬁ = phw® — P, (7-11)
S = Tiiavadvd = phVIVE 4 Pk, (7-12)

As in the equations for the radiation moments (E,y, F{,);), the Euler and energy
equations have conservative forms. We note that extension to the magnetohydrody-
namic equations is straightforward (e.g., Ref. 19)).

To guarantee the conservation of total momentum and energy, it may be useful
to solve

VAU + F)) + 0i[Alin? +a(P6] + PI) — B F)]

= 7| — (pn + E)0;x + (i + F)0:8% + %(Sjk + PI*)0yi | (7-13)
Oy (on + B) + 0;[vA{pnv’ + P(v) + §7) + aF’ — 3 E}]
= a (57 + PY)Kij — 4" (ji + Fi)Op In o). (7-14)

We note that E, F),, and PY here denote the sum of the contribution from all the
neutrino species.

§8. Slow-motion limit

Here, we derive the radiation hydrodynamics equations in the case that (i) the
spacetime is flat and (ii) the typical velocity of the matter field is much smaller
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than the speed of light. These approximations are often used in the radiation hy-
drodynamics with Newtonian gravity. Here, several additional words are necessary
to clarify the condition (ii). First, we denote the typical time and length scales for
the variation of the matter field by 7" and L, respectively, and the velocity by V.
Then, the order of T is equal to L/V, and the acceleration and shear of the matter
are of order V/T ~ V?2/L. In the Newtonian approximation for the radiation hy-
drodynamics, we take into account all the terms associated with the first order in
V relative to the lowest-order term, but neglect the terms more than second order
in V; terms of O(V?) such as acceleration and (9;v;)? are neglected. Because the
Newtonian potential is the quantity of order V2, we also neglect the contribution by
this in the radiation moment equations.

Then, the equations for the radiation moments defined in the fluid comoving
frame, (J,), H(,f)), are

i i 6(L(38wj) eq
atJ(,/) + 8Z(J(,,)v + H(V)) — VT = /i(,,)(J(V) — J(l,)), (8'1)
OH, +0;(H, )1)3 + H(])v + L( )) v 8jH(i) - a(VN(ngﬁjvk) = —Ru)H,,
(8-2)
where we set u’ = 1+ 0(V?), ug = =1+ 0O(V?), vl = u; = v' = v;, a¥ 1= utV uf =
O(V?), and
g 3x—1J<v)H<u)H( Ve
N;’kﬁjvk 8 iUk
®) 2 ( (V) (y)l)B/2
3L=X) (i a. Jg i j
i g J
L= tdotote 1ox o o (8.4)
@) 2 HJFHu 2 "W

For simplicity, we here take into account only the neutrino emission, absorption, and
isoenergy scattering. The derived forms of Eqgs. (8:1) and (8:2) agree with those in
the standard textbooks (e.g., Ref. 8)). On the other hand, the equations for the
radiation moments defined in a laboratory frame, (E(,y, F{,);), are

Z, a(yL(gaivj) o Z,
atE(V) + aiF(u) - ov - K:(I/)(J(l,) - E(y) + F(I,)Uz‘), (8'5)

, D "
i DU U
OiF,) + 0 P o (VN % 0;vg)

= —F)(Fily — Puyor) + (k)T + (R — Kw) E W', (86)
where

3 — 1 B Py Fin P
2 (F!

N ijkajvk = '
(V)F(V) )3/

)
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3A-X) (pig i i j
+ T (F(V)ijj + F(V)ajv + F(V)aﬂ)]), (87)
G 3 —1E0FOF) 1y g

L) = + E 69, 8-8)

® 2 o 5 fw) (

ij 3x—1E(v)F(zf)F(3) 31—=x) /Ew) o o 9
Y= v LYY Joi _ 2sijn k
(8:9)
and we used

Jw) = E(w) — 2F ok, (8-10)
Hy = —Eu " + Fy — Pju. (8-11)

Again, we note that v is the frequency in the fluid rest frame (not in the laboratory
frame). As expected, Egs. (8-5) and (8:6) have a conservative form.
The hydrodynamic equations are
dep + 0;(pv?) = 0, (8-12)
O(pvs) + 8j(pvivj + Péij) = —p0; N
+/dV<7i(u)(F(u)i = Puyir®) = [k i) + (R — F&(u))E(u)]vz), (8:13)

ofp(c+ )] + 35 (pe + P+ 3?) o]

2
= —pviaid)N - /dl/li(,,)(JFl(}) - E(V) + F(lf)v,), (8'14)
Bi(pYe) + 05(pYer?) = pQe, (8:15)

where ¢y is the Newtonian potential. We note that when taking the Newtonian limit
of general relativistic hydrodynamics equations, the conservative rest-mass density
pw,/v is replaced to p. The total energy equation is written as

op(c+ )+ E] 485 (s + P+ sp?)o + ) = —prion. (510

§9. Summary

We derived a truncated moment formalism for general relativistic radiation hy-
drodynamics modifying Thorne’s original formalism.?) The equations for the radia-
tion field are written for the variables defined in the laboratory frame as well as in
the fluid local rest frame, although the argument angular frequency for the radiation
moments is always the frequency measured in the fluid local rest frame. In the for-
mer case, the equations are written in a conservative form (for E(,) and F{,);) and
essentially the same as those for the hydrodynamic equations in general relativity.
Thus, they seem to be useful for a well-resolved numerical simulation.
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The source terms are written, focusing on the neutrino transfer in the assump-
tion that anisotropy of the scattering kernel is small. Then, a formalism for the
radiation hydrodynamics in numerical relativity is derived in a closed form, assum-
ing a physically reasonable closure relation among the radiation stress tensor, energy
density, and energy flux. As long as the radiation field is not extremely anisotropic
in the fluid rest frame (in the optically thick medium), the employed approximation
should work well. One merit in the present formalism is that we do not have to
perform any coordinate transformation when computing the source term, because
the angular frequency for the radiation field is defined in the fluid local rest frame.

The derived equations constitute wave equations for the radiation field. The
closure relation and variable Eddington factor are appropriately chosen so that the
characteristic speed is smaller than the speed of light in the free-streaming and grey
regions. We also notice that (i) for the derivation of the basic equations for the
radiation field, we do not assume that the fluid velocity is much smaller than the
speed of light, and (ii) with the chosen closure relation, the effect associated with the
fluid motion (fluid expansion, acceleration, and shear) may be taken into account.
Thus, the derived formalism can be employed for the radiation field associated with
a fast motion, e.g., a fluid moving in the vicinity of a black hole.

In this formalism, we need to solve 3+1+1 equations (3 is space, 1 is time, and
frequency space) of (E,y, F{,);) or 3+1 equations of (E, F;) for the radiation part.
For both cases, the equations for these variables are written in a conservative form,
and hence, conservation of mass and moments is likely to be well achieved in the
formalism with these quantities. For the 34141 case, the equations, including ab-
sorption, emission, and scattering term for neutrinos, are written in the closed form,
and hence, we do not have to assume anything further. For the 3+1 case, compu-
tational costs will be saved significantly, but we have to impose several additional
conditions when performing the frequency integral for the source term: We have to
assume certain functions for Ji,y and H (S) (e.g., Ref. 15)), for which a physically
appropriate assumption is required.

The truncated moment formalism may be a starting point for upgrading the
current leakage scheme for general relativistic radiation hydrodynamics (e.g., Ref. 21)
for a review). The leakage scheme is often used for phenomenologically incorporating
radiation cooling and for a relatively inexpensive radiation hydrodynamic simulation.
The method is usually quite phenomenological: One first determines optically thick
and thin regions, respectively, using a rather approximate prescription. Then, for the
optically thick region, one assumes that the radiation escapes in a diffusive manner
and for the optically thin region, the radiation escapes freely. In general relativistic
leakage schemes,?!) one incorporates the cooling effect on the right-hand side of
the hydrodynamics equations (VQTO‘ﬁ = —8b ), and in addition, an equation for
radiation four-vector field is evolved for the optically thin region. Namely, the basic
equations are quite similar to those derived in this paper. What is different is on the
treatment for the source term S (1’3’“; in the leakage scheme proposed so far, the source

term is determined in a quite phenomenological manner. If S(S’“ is approximated

in a more strict manner starting from the basic equations derived in this paper, it
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will be possible to derive a better and well-funded leakage scheme. Furthermore,
it will be possible to incorporate the frequency-dependent effect as well as neutrino
heating. Such work is left for the future.

Finally, the truncated moment formalism derived here may be used for the trans-
fer of photons by exchanging the source terms (if we may assume that anisotropy of
the scattering kernel is small). For example, this formalism will be useful for study-
ing an accretion flow in the vicinity of stellar-mass and supermassive black holes in
general relativity.
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Appendix A
—— Stationary Radiation in the Spherical Dilute Medium ——

In this appendix, we show the solution of a radiation field in the Bondi flow2?)
composed of a dilute medium (i.e., optically thin approximation is assumed to work)
and illustrate that gravitational redshift and Doppler effects are appropriately taken
into account in the radiation spectrum observed at infinity in our formalism.

As discussed in §3, in the optically thin region (where Sk — 0), the radiation

: @)
moments may be written by
_ af _ 8 .
H(,‘j‘) = Jul*, L(V) = Jo) 07, (A-1)
where /% denotes a unit spatial vector for which the spatial component is composed

only of the radial component. Substitution of these relations into Eq. (3-22) with

S(If‘) = 0 yields

.,
ValJu)l®) = V%Mﬁvﬁua —0, (A-2)

O = Jeete

where (¢ := u®+{* is a null vector. Substitution, in addition, of IV )

into Eq. (3-23) yields the same equation as Eq. (A-2).

For a solution of the four velocity, u®, we here consider a stationary spherical
accretion flow (Bondi accretion flow) in the spacetime of a spherical black hole of
mass M. We choose the line element in the Kerr-Schild coordinates,

2GM AM 2GM
ds? = —(1 - T)di? + ——ddr + (1 + T)dTZ 1 r2(d6? + sin? 0dp?), (A-3)

in which the coordinate singularity at r = 2GM does not give any messy problem.
We note, however, that an analytic solution is also easily derived in the Schwarzschild
coordinates.
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We denote the infall velocity by u" = —u(r) < 0 (cf. for the wind solution
u” > 0), and note the relations ¢, = u and ¢, = u’, where —u; = u'(1 — 2GM/r) +
2GMu/r = \/1+u2—2GM/r. Thus, I" = —u+ /1+u%—-2GM/r > 0, and
It =1"(r+2GM)/(r — 2GM). Using these relations, we finally reach

dir
1P gug = —. A-4
flla = - (A-4)

Substitution of this relation into Eq. (A-2) gives

8J(V) n @d(T‘QlT) _ I/aJ(V) %

r_ W) _ A-
! or r2  dr ov dr’ (A-5)
and assuming that J(,) > 0 and [" > 0, we obtain
Y 0Yyuy dInl”
y():V Yw) an (A-6)

or ov dr ’

where y(,) 1= J(,,)lrrz. For the case that I is a monotonically increasing function of
r (this is the case for the typical problem), Eq. (A-6) is rewritten to give

W)  OYw)
Olnlm  Olnv’

(A7)

Thus, y(,)(r) constitutes a wave equation for the arguments (Inl",Inv), and there-
fore, the general solution can be derived as

F(I"v)

Yw) = F(l'v), or J(u) = 2

(A-8)

where F(x) is an arbitrary function of xz. Here, " — 1 for r — oo. Namely, at
infinity, the observed spectrum is

Ty = —5 (A-9)

On the other hand, for the finite value of r, I" is smaller than unity. This implies
that the radiation spectrum should be homogeneously (irrespectively of the value
of v) shifted to the lower frequency side during outgoing propagation. The redshift
factor is given by ["; an observed radiation with frequency v at infinity is originally
emitted at a finite radius, remit, with frequency vemit = v/I" (remit) > V.

Equation (A-8) indeed captures gravitational redshift and Doppler effects. This
is clearly found by taking the slow-motion and weak-gravitation approximation for
I" as

u?  GM

"~1- — — . A1l
u—i—2 " (A-10)

The first, second, and third terms denote the Doppler, second-order Doppler, and
gravitational redshift effects, respectively.
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Integration of J,) by v gives

Ly

where Lo denotes a total flux

Ly = /dVF(V). (A-12)

Thus I"r may be regarded as a luminosity distance. Note that for r — 2GM, " — 0.
Thus, J — oo at 7 = 2GM; the solution is similar to a solution in the flat spacetime
in which a “point” source exists at origin (here which is located at {"r = 0).

Finally, we point out that the solution derived here will be used as a test-bed
problem for checking the reliability of a radiation hydrodynamic code based on the
truncated moment formalism (note that with Eq. (A-1) the closure relation holds).
We also note that the solution given here holds not only for the Bondi flow but also
any solution in the stationary, spherically symmetric spacetime as long as [ is a
monotonic function of 7.

Appendix B
—— Radiation Flow in the Spherical Dilute Medium ——

Next, we analyze a time-dependent spherically symmetric radiation flow in the
Schwarzschild spacetime. Again, we assume that neutrinos propagate in the optically
thin medium. The purpose of this section is to clarify a nature of the closure relations
(6-3) and (6-5). For this, we ignore the frequency-dependent effects and analyze
Egs. (3-39) and (3-40). For the background metric, we again adopt Eq. (A-3). In
this case, the necessary geometric quantities are

<1+2M>*1/2 - 2M 14 2M
o= _— = — = _—
r ’ r+2M’ e r’
2M(r+ M)
and K, = _7'5/2(7" o) (B-1)

where we use the units of G = 1 (or we may say that GM is replaced to M).
Because of the spherical symmetry, we only need to consider the radial component

of radiation moments, F”. For the following, we define F' := F ’”'7%2. Then the
condition g, T5" = 0 for the closure relations (6-3) and (6-5) is written as

E =|F|. (B-2)

For the closure relation (6-3), the equations for F and F are

. oM ro, 2M(2r + M) 3M

B _0 B-3
Y Ay v A r(r+2M)2€+(r+2M)2f (B3
. oM, v, 2M(2r + M) 3M

B _0 B4
L ) Ay v A R o V3 I L iy Vs P I G
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where e = Er2wlr/2 and f = FTQ’}/?}/2. The dot (é) and dash (¢) denote die and Oye,
respectively. Defining u+ = e + f, we obtain two independent equations

r—2M ,  M(7r+2M)

j =0 B-5

Y e T ey 22 T (B-5)
M

v — S YR — B-6

T Y Vs R (B6)

and e = (uy +u_)/2 and f = (ug —wu_)/2. This implies that in the absence of u,
or u_, the condition (B-2) is satisfied, but in general, it is not. In particular, for
the point which satisfies f = 0 (uy = u_), one of the characteristic speed becomes
infinity (see Eq. (6-29)).*) Thus this closure relation should be prohibited for such a
situation (this is resolved in an appropriate choice of the variable Eddington factor
shown in §6.3).

For the closure relation (6-5), the equations for e and f are

2M r 2M 3Mr+2M(r+ M)s

°— / ' = B-
Ry Vi +T+2Mf +(7~+2M)2€Jr r(r + 2M)?2 f=0, (BT
. 2M —rs ,, 2M(M + 2r +rs) M

_ _ B,
/ T+2Mf + r(r+2M)? f+ (r+2M)2e 0, (B-8)

where s = 1 (—1) for F" > 0 (< 0). Defining v = e —sf = (E — SF)TQV,},P, we
obtain
oM , 2M —sM

- _ .
Y VA Y ik (B-9)
. 2M —rs ,,  M(2M + 4r + 3rs) M

- =0. B-1
L VAN e s PR A sy Vol (B-10)

Thus, there are also two components: One is determined by u which is a mode of
physically zero characteristic speed because the coefficient of the transport term is
equal to —3". The other is associated with f, which is an outgoing or ingoing mode
and obeys the same equation as that of u; and u_ for f > 0 and f < 0, respectively.
u is regarded as an unphysical mode because it is the measure of deviation from the
condition (B-2); if u = 0 is satisfied, we can follow only the physical mode, but this
will not be in general the case, in particular in the near zone. The important fact,
however, is that u does not propagate outward and damps exponentially with time
in the absence of the source term. This implies that in the zone distant from the
source, u will be zero because the emission source should be zero there. Thus, in the
distant optically thin zone, the condition (B-2) is likely to be satisfied.

It will be useful to give the solutions of Egs. (B-5) and (B-6): The general
solutions for these are written as

L= [r(r—l- 2M)3}1/2

] o, (B11)

*) In the analysis of spherically symmetric flow here, the characteristic speeds are (r—2M)/(r +
2M) and —1. However, if we solve the equation in the Cartesian or cylindrical coordinates, the
extra characteristic speed (6-29) appears.
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r_1 B-12
=) e, (B-12)
where g4 are arbitrarily functions and r, is a retarded time
r+2M r—2M
= — 4 AM] ( ) B-1
r /drr sryyinld + n 7 (B-13)
Appendix C

—— Numerical Exzperiment for Free Evolution

To confirm that the closure relation and variable Eddington factor (6-25) de-
scribed in §6 work well in the optically thin medium, we numerically solve radiation
field equations (3-39) and (3:40) on a Bondi flow of a Schwarzschild spacetime. The
closure relation is written as
3x—1_ F'FJ 3(1—x) <ny“’ +4ViViI

P =
2 ’}/lekFl * 2 3

+ HWVI + Hﬂ'vi> , (C1)

where y is assumed to be a function of F' = |F|/E = \/yuF¥F!/E. The source
terms are set to be zero (S¢ = 0) for simplicity. Numerical simulation was per-
formed assuming the axial and equatorial plane symmetries. As in Appendices A
and B, the Kerr-Schild coordinates are adopted, and the same Bondi solution as in
Ref. 19) is employed. The basic equations are essentially the same as those solved in
general relativistic hydrodynamic simulation. We employ the same scheme as used
in Ref. 19) for a solution of E and Fj. Specifically, the transport term is handled
using a Kurganov-Tadmor scheme??) with a piecewise parabolic reconstruction for
the quantities of cell interfaces. The fourth-order Runge-Kutta method is employed
for the time integration. The characteristic speed is not analytically computed for
the general form of P;;. Thus, we simply write it in the linear combination form

— ?)XTl)\thin + M
For the case that the relation, £ < |F|, is accidentally realized at a point, we set
x = 1, and A, is limited to be smaller than unity.

With the time evolution, the radiation fields flow away from the computational
domain. To handle this correctly, an outgoing boundary condition is imposed for the
outer boundaries, and inside the radius r» < 1.8M, we artificially set £ = Fj, = 0.

First, we consider the solution for F = |F| derived in Appendix B. In this case,
F is always unity, and thus, y = 1 always holds. For the outgoing flow F = E, the
solution is written as

A Athick- (C-2)

- 3 71/2
(r+2M) 4:| gt —1y), (C-3)

1
B2 = pal/2 L
rr T T 990 — 2M)

and for the ingoing flow F' = —F,

Enlf? = —Falf? = Sl 4+ 2M)] Vg (¢ 1), (C-1)
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1 t=0 —— 1 #
t=35M
0.8 t=35M, x - 0.8
t=35M, z I
0 0.6 0 0.6 : i
04 04t i %
0.2 f 02t
0 ) ) ) ) v“ "":n 0 X “1,_‘“
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
x/M x/M

Fig. 1. Evolution of outgoing (left) and ingoing (right) solutions. For the outgoing solution, the
profiles of E%lT/Z(r —2M)?(1 +2M/r)~%? at t = 0 and t = 35M along the x and z axes are
plotted. For the ingoing solution, the profiles of E*yrlq{2r3/2(r + 2M)1/2 at t =0 and t = 256M
along the z and z axes are plotted. The solid and dashed curves denote the numerical and exact
solutions. The numerical solutions for z and z axes agree approximately.

We choose a form of a wave packet as
g+ (rs) = exp[—(re — 140)?/8M?],  g_(r) = exp[—(r —ro)*/8M?].  (C-5)

Numerical simulations were performed for r.g = r.(r = 6M) and ro = 32M. The
computational domain covers a region [0 : 40M/] both for z and z with a uniform
grid spacing 0.1 M.

Figure 1 plots the evolution of E’yTlT/Q(r — 2M)2(1 4 2M/r)=3/? for the outgo-
ing solution (left) and E’y,},@r?’/ 2(r 4+ 2M)Y/? for the ingoing solution (right). This
shows that besides a small phase error, the numerical solutions reproduce the exact
solutions.

100
a 10
N
o5
N

0.1 : : : : : 0 == : : : :

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

(a) x/M (b) x/M

Fig. 2. (a) Evolution of the wave packet along the « and z axes for the initial condition (C-6) with
F = 0. The profiles are shown for t/M = 0, 5, 10, 15, 20, 30, 50, and 70. (b) F/E along the
z and z axes for t¢/M = 5, 20, and 50. For both figures, the results for z and z axes agree
approximately.

We also performed a simulation for /' =0 at t = 0 with
Efy%ﬂ = exp[—(r — 10M)?/8M?). (C-6)

In this case, x = 1/3 at ¢t = 0, but with the time evolution, |F'| becomes nonzero
and x becomes larger than 1/3. Because the variable Eddington factor y is varied
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with the evolution, we do not have the exact solution. The purpose is to test if our
formalism allows a stable numerical solution.

Figure 2(a) plots the time evolution of the wave packet. Here we plot E%}Pr
along = and z axes (two results approximately agree and cannot be distinguished
in the figure). After the evolution starts, the wave packet is split into outgoing
and ingoing parts. Both modes propagate smoothly with no trouble. Figure 2(b)
plots the evolution of F/E. This is initially zero, but with the free propagation,
it approaches to unity: At t/M = 5, 20, and 50, F/E is larger than 0.8 for 15 <
/M <25, 15 $x/M < /35, and /M 2 5, respectively. No problem is found for
the propagation, and thus, as far as the numerical issues are concerned, the closure
relation and variable Eddington factor employed here have no problem.

2
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