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ABSTRACT

I present here one approach to general relativistic radiation hydrodynamics. It is based on covariant
tensor conservation equations and considers only the frequency-integrated total energy and momentum
exchange between matter and the radiation field. It is also a mixed-frame formalism in the sense that,
the interaction between radiation and matter is described with quantities in the comoving frame in
which the interaction is often symmetric in angle while the radiation energy and momentum equations
are expressed in the fixed frame quantities in which the derivatives are simpler. Hence, this approach
is intuitive enough to be applied straightforwardly to any spacetime or coordinate. A few examples are

provided along with caveats in this formalism.
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1. INTRODUCTION

There is an increasing need for a correct treatment
of matter and radiation that are interacting with each
other, in general relativistic regime. Astronomical ob-
jects such as gamma-ray bursts, supernovae, neutron
stars, stellar or supermassive black holes, are expected
to involve interactions between high-velocity matter
and strong radiation field under strong gravity.

Particles in astrophysical matter generally have ei-
ther very short mean free paths to the collision or be-
have as such due to strong coupling with the magnetic
field. The physical properties of the matter, therefore,
can generally be described by ideal hydrodynamics and
their thermal or statistical properties can also be easily
specified. Photons, however, can have either short or
long mean free paths against matter particles. When
the mean free path is short, photons assume approx-
imately isotropic distribution and diffuse out through
the matter, which can be relatively easily described.
When the mean free path is long, photons may as-
sume highly anisotropic distribution and interact di-
rectly with particles far away. Therefore, correct de-
scription of radiation should contain the information
on directional distribution as well as the total energy
and the spectral distribution, which makes solving the
radiative transfer equation highly non-trivial and diffi-
cult. Yet, radiative transfer for a medium that is mini-
mally affected by the radiative force and energy is still
manageable. But when the dynamics and energetics
of matter are significantly affected by the radiation it-
self, such as in accretion flows or jets, radiative transfer
becomes even more difficult.

It gets worse in relativisic situations: photons get
red- or blue-shifted, length and time depend on the

fiducial frame chosen, radiation suffers relativistic beam-
ing and various relativistic corrections, such as bulk
Comptonizaton, become important. Gravity adds ad-
ditional difficulties: photon trajectories become curved
and their frequencies are not conserved anymore ow-
ing to the gravitational redshift, time runs differently
depending on the position, photons suffer a loss cone
effect or Penrose process around black holes. These rel-
ativistic effects may be added to the non-relativistic ra-
diative transfer formalism as additional perturbations.
However, this can cause confusion and inconsistency at
times when other effects of similar order are not prop-
erly taken into account or when the effects are applied
inconsistently. The best approach, naturally, would be
using full general relativistic formalism.

Solving the full frequency- and angle-dependent ra-
diative transfer equation would be most desirable,
but it is a formidable task, especially in a curved
spacetime. A more manageable approach is to use
frequency-integrated radiation moments. Frequency-
integrated radiation moments constitute the covariant
stress-energy tensor, and can be easily incorporated
into the covariant equations. The first relativistic ra-
diation moment equations were derived by Lindquist
(1966) for spherically symmetric diffusion regime. The
most general and complete radiation moment equations
were obtained by Thorne (1981) using projected sym-
metric trace-free tensor formalism. It was built within
the comoving frame in which matters are at rest and
has been applied to one-dimensional problems (Tur-
oalla & Nobili 1988; Zampieri et al. 1993). However,
since the velocity of matter depends on the temporal
and spatial positions, the covariant derivatives become
complicated. The derivatives become simpler in the
fixed frame while the interaction of radiation and mat-
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ter become simpler in the comoving frame. It is pos-
sible to utilize both frames: interaction terms are de-
scribed by comoving quantities while the derivatives
are applied to the fixed-frame quantities. This is called
mixed frame formalism (Mihalas & Mihalas 1984). I
have generalized this mixed frame approach to general
relativistic regime and applied to spherically symmet-
ric (Park 1990, 1993) and axisymmetric accretion flows
(Park 2006b). It has further been applied to arbitrary
flows in the Schwarzschild spacetime (Park 2006a) and
in the Kerr spacetime (Takahashi 2007, 2008). This
mixed-frame, frequency-integrated radiation moment
formalism can be easily applied to any coordinate sys-
tem because it is based on covariant tensor equations,
as has been emphasized in Park (1993, 2006a). In this
review, I will explain how this formalism is built and
show how to apply it to specific coordinate systems.
The limitations and caveats of this formalism will also
be noted. Throughout this paper, the velocity of light
c is chosen to be unity.

2. TENSOR CONSERVATION EQUATIONS

The energy-momentum tensor of matter that is ap-
proximated by an ideal gas is

T = w,UUP + Pyg*”, (1)

where U is the four-velocity of the gas and wy, = ¢4 +
P, the gas enthalpy per unit proper volume which is the
sum of the gas energy density €4 and the gas pressure
P,. The enthalpy of the gas is a function of the gas
temperature and density whose exact dependence on
the temperature 7" in transrelativistic regime is rather
complicated (Service 1986).

A similar tensor for radiation, called the radiation
stress tensor, can be constructed,

R = / / I(n,v)n*nPdvdQ, (2)

where n® = p®/hv with p* is the four-momentum of
photons and I(z%;n,v) the specific intensity of pho-
tons moving in direction n on the unit sphere of the
projected tangent space with the frequency v measured
by the fiducial observer. The photon distribution func-
tion, which is the analogue of the velocity distribution
function of the particles, is equal to ¢2h =431, and the
Lorentz invariant, i.e., the invariant intensity v 31, re-
mains the same regardless of the frame in which it is
measured (Mihalas & Mihalas 1984; see also Chan 2011
for general construction of the radiation moment tensor
from the photon distribution function).

In relativity, the mass density reflects the internal
energy as well the rest mass-energy density. Since the
internal energy can change by heating, cooling, com-
pressing, and decompressing, the particle number den-
sity rather than the mass density is conserved. The
conservation of particle number density is given by the

continuity equation,
(nU%),, =0, (3)

where n is the proper number density of the matter
and U® the four-velocity of the matter.

The conservation of energy and momentum of mat-
ter and radiation is expressed by the conservation of
the energy-momentum tensor of matter and radiation
combined:

(T + R*%) =0 (4)
When radiation is in thermal equilibrium, it can be
described simply by the temperature of the matter. In
such a special case, no more equations for radiative
transfer are required.

In general, however, radiation field is not in thermal
equilibrium, i.e., blackbody, and the four-force density
that describes the interaction between radiation and
matter is defined (Mihalas & Mihalas 1984):

G = / dv / dQxI(n,v) — nln°. (5)

The absorption and scattering of photons by matter
particles are described by the opacity per unit proper
length, x, and the emission of photons by matter the
emissivity per proper unit volume, 7.

Eq. 4 can now be split into two separate conserva-
tion equations: one for the matter energy-momentum
tensor

T%5 =G, (6)

and the other for the radiation stress-energy tensor,
R%P 5= -G (7)

We need to remember that a simple conservation law
exists for the radiation stress tensor because all ra-
diation quantities are frequency integrated quantities.
We cannot define similar frequency-specific radiation
stress-energy tensor because they will not be covari-
ant. We obtain the covariance by sacrificing frequency
information.

3. RADIATION MOMENTS AND TETRADS

In a flat spacetime, the time-time components of the
radiation stress tensor R' are called the radiation en-
ergy density E, the time-space components R", the ra-
diation flux F*, and the space-space components R%,
the radiation pressure tensor P, with 4,5 = 1,2,3.
These three are the main radiation moments, i.e., mo-
ments in angle, that are widely used in astrophysical
radiative transfer and radiation hydrodynamics. These
definitions can be extended to any tetrad: for any fidu-
cial tetrad, we can define

/ / I, dvdQ,

E =
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Fi

/ / Lnidvd, (8)
//Iyn%nﬁdudfl,

where n’ is the spatial tetrad component of n® and v
and €2 are the frequency and solid angle measured by
the fiducial observer of the tetrad. In terms of these
radiation moments, the tetrad components of the radi-
ation stress tensor for a given fiducial tetrad are simply

Py

E F' F? F3
Fl Pll P12 P13
F2 P21 P22 P23 . (9)
F3 P31 P32 P33

R =

For a given spacetime, the two most useful tetrads are
the fixed tetrad that is fixed with respect to the cho-
sen coordinate system and the comoving frame that is
comoving with the matter flow, and therefore at rest
with respect to the matter flow. The derivatives of ra-
diation quantities are simple to calculate in the fixed
frame while the matter-radiation interaction is easily
described in the comoving frame. The comoving tetrad
is moving with respect to the fixed tetrad with a proper
three-velocity

Ul Uge;®

= 1
5= Thaw (10)

V=0 =

where U? and U? are the spatial and temporal parts of
the fixed tetrad components of the four-velocity of the
matter flow, U,, and e BO‘ is the coordinate components
of the fixed tetrad base. From this, we define the energy
parameter

and the Lorentz factor between the fixed frame and the
comoving frame

y=(1-0?)72 (12)

2

3 ,
where v =v-v =737 v

We denote the bases of the fixed tetrad as 9/ axf&x
and those of the comoving tetrad as 9/0x%. Since
tetrads are locally inertial frames, they are related to
each other by Lorentz transformation:

0 a0 (13)
8:cw 6x[fjx
where
A =y, A=A At§. = yv;, (14)
Agi = (5ij +’UinL

02

Since R%? is Lorentz tensor, the fixed-tetrad com-

ponents R;'f;f and the comoving-tetrad components are
related by the Lorentz transformation:

*auax = A% (AT (—VRE, (15)
fx

co

where A(—v) is the inverse of the Lorentz transforma-
tion (14). This leads to the transformation law between
radiation moments in comoving and fixed frames (Mi-
halas & Mihalas 1984; Munier & Weaver 1986; Park
1993):

E., = 72 |:Ef:c - 2'UiF}g; + v;v; }]z:|
i i -1 i i i
F, = {@ +(— v vj] Fj.—7vv'Efy
i 1 ij
—yv; |0, + L vl P, (16)
ng = 7% vJEf

—y [U’éi + 074}, + 27 v’vjvk} Fi,

+( 1k+v—2/u o) (07, + 2 vu) Py,

Since the contravariant components of the radiation
stress tensor are related to any tetrad components by

dx* dzP

aB _
R Ozh Oz g

(17)
and the fixed tetrad components to the comoving com-
ponents by Eq. 15, the contravariant components of
the radiation stress tensor R*? can be written in terms
of the fixed-frame radiation moments, Ey,, F* o P}Jx,

or the comoving-frame radiation moments, E.,, Fi,,
P!J . as needed.

4. INTERACTION BETWEEN MATTER AND

RADIATION

The tetrad components of the radiation four-force
density for the comoving frame are

== /cho/dQco[XcoL/w *nco]ngo' (18)

In most astrophysical situations, absorption, emission,
and scattering are isotropic or effectively isotropic in
the comoving frame, and the energy exchange rate G,
is simply the heating function I'., minus the cooling
function A.,, both per unit proper volume:

Gl =T — Ao (19)
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where

I—‘()O

/cho/dQcchoL/wv (20)
/cho/dQconcoa (21)

and K, is the true absorption coefficient.

The momentum exchange rate per unit proper vol-
ume is

ACO

Gio = )_(coFZov (22)

where
CeoFl = / dve / Aoxeolmiy.  (23)

Using the transformation between two tetrads (Eq.
13), the fixed-frame components G?m can be calculated,
and the coordinate transformation between the tetrad
0/ =%, and the coordinate J / x%, enables to express the

covariant vector G* in terms of G,

(e}
Oz oy

- i co*
Oxk,

Ga

(24)

Therefore, if we can specify the heating and cooling
functions, i.e., ', and A.,, and the mean opacity, Yco,
as functions of density and temperature of matter, the
interaction between matter and radiation can be de-
termined. In reality however, the opacity x.. is often
a function of photon frequency and the mean opacity
and heating function can be accurately specified only
when the specific radiation energy density, F, .,, and
flux, F, o, are known. This is a fundamental diffi-
culty of frequency-integrated radiation moment formal-
ism. To overcome this difficulty, one may make an edu-
cated guess for the radiation spectrum or perform iter-
ative frequency-specific radiative transfer calculations
in-between the radiation hydrodynamic calculations.

5. HYDRODYNAMIC EQUATIONS

If we define a projection tensor
PP =g, + U UP =6, +UU, (25)

relativistic Euler equation can be obtained by project-
ing Eq. 6 with P,” to get PgaTﬁ)‘;A = PﬁaGﬁ, which
becomes the covariant relativistic Euler equation:

wUsUP + g*PP, 5 + UUPP, 5 = G* + U“UsGP.
(26)
Since the interaction between radiation and matter be-
comes simpler, i.e., more symmetric, in the comoving
frame, it is more convenient to express G in terms of

comoving tetrad components G%, (Egs. 19 and 22).

The energy equation for the matter is obtained by
projecting equation (6) along the four-velocity, i.e.,
U TP 5 = U,G*:

g (50) g (32)

OP, 0P,
100 1% 2
+U Bn +U D (27)

= UG + UG = -Gl =Tep — Ago.

6. RADIATION MOMENT EQUATIONS

The other half of the radiation hydrodynamic equa-
tions are the radiation moment equations (Eq. 7).
Choosing a = t gives the radiation energy equation and
the rest, a = 1, 2, 3, the radiation momentum equation
in each spatial direction. The left-hand side consists
of the radiation moments in the fixed-frame and their
coordinate derivatives while the right-hand side may
be expressed with the comoving radiation moments,
which simplifies the description of the matter-radiation
interaction. Unlike the hydrodynamic equations, radia-
tion moments equations become simpler in terms of the
fixed-frame radiation moments because the derivatives
appear simpler in the fixed frame.

To apply these hydrodynamic and radiation moment
equations to a specific spacetime, all we need is the
spacetime metric and the transformation rules among
the coordinate frame and the two tetrad frames.

7. CYLINDRICALLY SYMMETRIC FLOW
IN A FLAT SPACETIME

Many astrophysical systems are believed to have
cylindrical symmetry. Rotating accretion flow, i.e., ac-
cretion disc, is one important example. For the cylin-
drical flat spacetime metric

dr? = —gapdz®da’
= dt? — dR* — R?d0? — d2?, (28)

the fixed tetrad bases are simply

o o 0 o o 190 0 0

ot Ot' R OR’ 9 ROO’ 92 0Oz (29)

The comoving tetrad, §/0z%, = Aﬁd(v)a/axﬁ, is then
given as (Park 2006b)

0 0 r O ol O , 0
% = ’yg—f—'yv ﬁ—i-vv E%—i—'yv 72
T Y
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W] 1 8 v, O
+ [1+(7—1) }Rae (y=1) =3,
0 L0 v¥up O
9~ Wat0 V77 aR
v¥ug 1 0 v¥*u, | 0
+ (v—-1D— E%+[1+( 1) ]&.

From these, we can write the contravariant radiation
stress tensor R*” in terms of the fixed- and comoving-
frame radiation moments,

e M E
pes_ | Ff pPRr  RTPR PL

06 —1p6

i R~ 12PR“‘ R™'P{Z
p;? R™ Py Pz
(31)

The contravariant components of the radiation four-

force density in terms of tetrad components (Egs. 19
and 22) are

Gt = ’)’G +yv Gco’
~1
G" = GE 4G, + G, (32)
. s v—1
RG' = GI, 4+ G+ T ufuiGl,
A At B
G* = G+ G, + vt uiGl,.
v

The explicit equations for cylindrically symmetric
flow in a flat spacetime are given in Park (2006b). The
continuity equation from Eq. 3 is

0 1 0 R 0] 0 0 o
(33)
The relativistic Euler equations are for R-component,
oUR Z(‘f)UR
(v + wy U 5 —wyR(U?)?
0P, rOP, ry i 0P
¢ 4
+ GR ~yU Bn + U U —— ari (34)
= —URG + 1+ (U®?G" + RPUUG?
+ URU*G?,

for #-component,
" ou’ o ou’ URyY
TWaTgy TYY i R
1 9P, 00Py 0P,
+ EW—F U ot +UU Iri
= UG+ UG + 1+ R*(U%)*IG°
+ UUAG®,

+ 2wy

(35)

and for z-component

" oU* b UZ&)UZ
Rt ot 97 Qat

oP, 0P, . 0P,
+ a—+ ~yU W+U U i (36)
_ —’YUZGt +UZURGR+R2UZU0G9

+ [+ (UG

The gas energy Eq. 27 in this cylindrical coordinates

is
i ()~ (%)
opP, 0P,
+ U2 o U o

= _Gio = Aco - Fco-

(37)

The time component of Eq. 7 is the radiation energy
equation,

OE 10, .
ot T Rap B+

=-G'= V(Aco - Fco)

1 OF? N OF*
R 00 0z
— YXcoVi-

(38)

The equations for the radiative flux are

OFE N dPEE 1 gpRY

ot " orR 'R 08
aPRZ PRR _ P99
0z + R

= X(,oF — YU (F - Aco) - 5

for R-direction,

iap%
R 060

OF? N oPRs
ot OR
+6P9Z N 2PR9
0z R
= XcoFe G(Fco - Aco) -

for #-direction, and

lapez
R 06

oF* + opF=
ot OR
oP#* PRz

62+R

- Pyvz (Fco

+ (41)

-1 )
- Aco) - 7 UZUZ'XCOFCZO

= z
= 7XcoF
co 02

for z-direction.

8. FLOW IN SCHWARZSCHILD SPACETIME

Spacetime around non-rotating black holes is de-
scribed by the Schwarzschild coordinate,

dr? = fgagd:cad:cﬁ
2

= T2t - r2(d6? + sin® 9dp?), (42)

T2
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where M is the mass of the central object, m = GM/c?, where y = —U;. The r-component of Euler equation
and I' = (1 — 2m/r)"/2. The fixed tetrad in this metric (26) is
is simply .
LoU" ,0U”
0 _ 10 0 0 9 10 9 1 0 WgUaJrUazz
ot T'ot” or or’ 96 rof’ dp  rsind ?fg) n wgr_z [F2(Ut) _ 2(U7)2]

2
- wg% [(rU?)? + (rsin0U?)?]

OP, 0P, 0P,

The comoving tetrad, moving with four velocity U“
with respect to the coordinate, is

9 gt 9 19 9 + UU=L 41222 4 UV
— = L T e i
Dty Tor TV g T e T e 09 o or Ox' P
P 7, 9 21 0 = —yU'G'+[1+T2U"YG" +r*U"UG
= i1 —1)=Z | = 2 12 r
o VT [ + (v )Ug] pm +r?sin® OUTUCG?, (48)
vrvg 1 9 vy 10 the f-component
+ 0= v2 o0 +r -1 v? rsinf d¢’ , ,
0 vy 0 vpvg O +OU U
— = = D(y —1)—5 = 44 woU'——= + w U ——
00, rg YO 5 (44) coon o
vil 10 vvgy 1 0 4+ 2w, ~U"U’ — w,sinf cos H(U?)?
+ 1+ - DS S (- D r !
r 00 v2 rsinf d¢ . tap 1 0P, 5 OP,
u'u +UU' =2
0~ 2ol ’ ot = r2 96 o'
Ddeo ot v? or = —yU"Gt—i—F UG + 1+ r2(U%)2]GY
vovy 1 0 il 19 +r?sin? OUU*G?, 49
+ (y-1) 2"’——+ 1+ (=12 —— = (49)
v 06 v? | rsinf J¢
and the ¢-part
The contravariant components of the radiation stress oU® OU®
tensor expressed in the fixed-frame radiation moments, ngtW wgU IW
FQ F¢ ]_ r
b;f; Fj, Fffg Frsfi:%)& + 2wg—U U? + 2w, cot QU U?
Fr, r2pr MR Mo P, 1 OP 0P,
af _ fz fx T 7 sin 0 4 Ueyt—9 4 - -9 4 et 9
R Ff, Lppy L Py (45) + ot + r2sin® 0 ¢ * ox?
2 S .
Eﬁ F]%j’ I;;ff ! P?i)?e — *yU‘j)Gt +T2U" UG + P2UlUeq?
I'rsinf rsin O r2sin 6 72 sin2 0 +[1 + 7"2 Sil’l2 9(U¢)2]G¢ (50)

show all the curvature and coordinate specifics (Park

2006a). The contravariant components of the radiation The gas energy equation is

four-force density are o o W\ i W 0P, . %
N . nU"— nU'— +U' —>+U"—;
at = 21 [Gio + Uisz} ot \'n ort \'n at Oz
I X = —Gl, = Ao —Tep. (51)
G =T |:Gio + ’}/'UrGt _2 UT’U,LG'L :| (46) . C . . .
v The equation for the radiation energy is the time
) 1] 4 . v —1 . component of the conservation equation for the radia-
G° = - [Gco + 709G, + R UeviGzo] tion stress tensor (Eq. 7),
1 3 ;=1 3 1 0F 1 0 ,
G¢ = rsine |:G?O —+ ’)/’UngZO + U—2U¢U'iG00:| . EW -+ I“2,r2 8 ( 2]_—‘2F )
0 0 1 9 s
Continuity equation (3) in Schwarzschild metric is + rsin 6 90 g S OFT) + I'rsind @_¢(F ) (52)
10 19 . = Gt = =L (T — Ao+ Xeovi FL ).
EE(W) + —28—(7" nU") F2< ¢ 0 Xeoti i)

The equations for the radiative momentum are the spa-

0
il ¢y —
(nU?) =0, (47) tial components of the conservation equation for the

1 9. 0
+ —Sino%(smGnU)—i—ad)
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radiation stress tensor (Eq. 7),

OF" oP"™
FQ
ot + or
r o . r op
I inoP" (4
Jrrsin@@@ (sm )+rsin9 o

LT
+ Z(E+PT)+— (2P — P% — p%9)
T r

= —GT
= el — F'YUT(FCO

co

(53)

S AU
- Aco) - FU—QUTUchoFZm

2 . 06
Jrrsin@@@ (51n9P )Jr

2r 1
Zpro_
+ r rtan6
= —rG?

poe

_ v _
= 7XCOF500 - ’)’Ue(rco - Aco) - TUGUchoFZoa

19F® 190

—— + —— (TrP™®

T ot +7’87’( " )
1 9P 1 op??

Y00 T rsing 09
2

2r

o prey = poé
r + rtand

= —rsindG®

(55)

- ~ .
= 7XCOF§(5) - 7v¢(rco - Aco) - TULi)viXCOFZO-

In the case when the radiation field is spherically
symmetric and time-independent with no interaction
with matter, the Eq. 52 reduces to

4rr°T?F" = Lo, (56)
where the constant L, is the luminosity measured by
an observer at infinity. However, a static observer at a
given r finds that the luminosity he or she measures is
a function of radius with

L
L, =4nr?Fr = —=
1—-2m/r

(57)
which shows the gravitational redshift effect. Hence, in
the presence of gravitational field, one always has to be
careful about the definition of luminosity. For example,
the usual Eddington luminosity at which radiative force
balances the gravitational pull from the central mass
becomes a function of radius and matter velocity (Park
1992).

9. FLOW IN KERR SPACETIME

This covariant radiation moment formalism can be
straightforwardly extended to more complex spacetime.
If we describe the Kerr spacetime with Boyer-Lindquist
coordinate

dr? = —gapdz®daP (58)

a?dt? — ;i (dxt + Bidt)(dz? + Bdt),

where i, j = 7,0, ¢, the lapse function a = (SA/A)1/2,
the shift vector #* with a non-zero component 3% =
—w, the spatial matrix «;; with non-zero components
of Yrr = B/A, 0 = %, Y4 = Asin®6/8, ¥ =
r?+a?cos’0, A =12 —2mr+a? and A = (r?2 +a?)? -
a?Asin® 0, the tetrad for the locally non-rotating ref-
erence frame, i.e., the fixed frame, is (Bardeen et al.

1972)

9 _1(0 40

ot a \ot o9 )’

9 1 0

oF - Waa (59)
o _ 1 90

00 200

o 1 9

oler Vo 0¢

An observer in the fixed frame sees the matter moving
with the proper three-velocity (Takahashi 2007)

U’l“ o 77}7(2 UT
- T a Ut?
1/2 170
0 Yoo U
= = — 60
v 1)9 a Ut) ( )
1/2
Y U¢
- _ 19 (2 ¢
v Vo = o <Ut + 5 ) ;

the Lorentz factor of which is v = (1 — v?)~1/2 = oU".
Now, the comoving tetrad can be expressed in terms of
the coordinate base (Takahashi 2007),

o _ 29 9w 0
Oty @Ot 320r

Yvg O

1/2

’Yeg 00

v B\ 0
o YU, O 1 s 72 0
= — 4+ — 1 =

Oer a 6t+%}r/2< U)o

vvg 9
12
Yoo v+ 100
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2 [

Uplg Y J6] ) 0

+ — —v | =, (61)
(ﬁf Y+1  « D¢

Yvg 2 vevg Y2 0

Gh, ~ ooty iior
1 ~? 0
+—=75 (1+u§—)—
’Yaa/ y+1) 06
AT
2 )
7;2) T o B
0 _ a0 vy 7 0
by o O N2y +10r
vy Y2 O

1/2 EY)
Ve v+ 100

+ 272)6¢ ]8

— (14w — — Vg | =
1/2( [ ®
Yoo y+1 o J¢

The coordinate base in terms of comoving tetrad is
also given in Takahashi (2007). This allows the con-
travariant components of radiation stress tensor R*? to
be expressed with the fixed-frame radiation moments
(Takahashi 2007),

F
tt fx
R" = 2
F’f’
tr _ prt fx
R"™=R" = /3
QYrr
Ft9
t0 _ pOt fz
RY =R = /3
A%gg
[
1 (F FE
tp _ pot fr  aptfz
R =R a<1/2 6—a>
v
[l
P’f”l"
Ro= (62)
PrG
0 _ pbr _ fz
R7=R" = 1/2 1/2
Yrr Voo
ré r
R = ROT = L(Pfxm&)
1/2 1/2 a
T\
00
RRY = Pre
Y66
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The contravariant components of the radiation force

are
¢t = L[k, +uGl]
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The explicit forms of continuity equation can be ob-
tained from Eq. 3, relativistic Euler equations from Eq.
26, and energy equation from Eq. 27 with radiation-
matter interaction expressed as functions of comoving-
frame radiation moments, as shown in (Takahashi
2007). Radiation energy and momemtum equations
can be expressed with coordinate derivatives and fixed-
frame radiation momemnts (Takahashi 2007). Simi-
larly, same equations can also be derived for the Kerr-
Schild coordinate, which does not have a coordinate
singularity at the event horizon (Takahashi 2008).

10. CLOSURES AND CAVEATS

The number of unknown radiation moments in gen-
eral is 10 (Eq. 9) while the number of radiation mo-
ment equations are 4 (Eq. 7). This is the general lim-
itation of moment approach: equations at each order
are not sufficient to determine all the moments of the
same order. Astronomers routinely employ some kind
of closure relations to close the equations, such as flux-
limited diffusion, Py approximation, the M;j closure,
and the variable Eddington factor (see Chan 2011, for
review and references). One popular choice is the vari-
able Eddington factor because it is easy to implement
yet gives reasonable limit behaviour: it is defined, in
a given frame, as fg = P/FE and has an asymptotic
value fr = 1/3 when the optical depth 7 > 1 and
fE =1 when 7 < 1. The correct form of fg can only
be calculated by solving the full angle-dependent radia-
tive transfer equation (see e.g., Auer & Mihalas 1970;
Hummer & Rybicki 1971; Yin & Miller 1995) for a spe-
cific case. In a complex radiation hydrodynamic flow,
this is impractical, and an educated guess of fg as a
function of the optical depth is sometimes tried (see,
e.g., Tamazawa et al. 1975; Park 1990). In an arbi-
trary three-dimensional system, it is far less trivial to
calculate the variable Eddington factor from the basic
angle-dependent radiative transfer equations. One may
apply some physical principles to derive the functional
form. For example, Minerbo (1978) determined from
statistical mechanics the maximum entropy Eddington
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‘tensor’, fiJ = P /E,, for a static flow in a flat space-
time and provided the functional form of f% in terms of
E, and F! (Minerbo 1978), which may be generalized
to frequency-integrated radiation moments in comov-
ing tetrad frame (Park 2006¢). Recently, Chan (2011)
derived another physically motivated closures based on
Grad’s moment method, and provided a more sophisti-
cated 14-field method that minimizes unphysical pho-
ton self-interaction.

It is important to remember that the current formal-
ism with a simple closure such as variable Eddington
factor may describe the real radiation field with reason-
able accuracy, but can fail for certain conditions. Since
any moment formalism terminates the higher order mo-
ments artificially, it can lead to pathological behaviours
in special situations. For example, a very steep velocity
gradient is known to produce unphysical effects (Tur-
olla & Nobili 1988; Dullemond 1999; Fukue 2008a).
Although careful velocity dependent Eddington factor
may circumvent such problems (see e.g., Fukue 2008a,
2008b, 2009), it is still a specific and not a general rem-
edy that is not guaranteed to work in different cases.

11. SUMMARY

I have shown one approach to general relativistic
radiation hydrodynamics. It is a covariant formalism
based on the frequency-integrated radiation moments
and, therefore, can be straightforwardly applied to any
spacetime or coordinate systems. Since it uses a finite
number of radiation moments and a certain choice of
closure relation, it is an approximate yet reasonable
way to solve the radiation transport. It has an advan-
tage of being simple and physically intuitive enough to
be applicable to diverse astrophysical problems.
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