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We consider a further extension of our previous works in the treatment of the three-dimensional general
relativistic Poynting-Robertson effect, which describes the motion of a test particle around a compact object
as affected by the radiation field originating from a rigidly rotating and spherical emitting source, which
produces a radiation pressure, opposite to the gravitational pull, and a radiation drag force, which removes
energy and angular momentum from the test particle. The gravitational source is modeled as a nonspherical
and slowly rotating compact object endowed with a mass quadrupole moment and an angular momentum and
it is formally described by the Hartle-Thorne metric. We derive the test particle’s equations of motion in the
three-dimensional and two-dimensional cases. We then investigate the properties of the critical hypersurfaces
(regions where a balance between gravitational and radiation forces is established). Finally, we show how this
model can be applied to treat radiation phenomena occurring in the vicinity of a neutron star.
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I. INTRODUCTION

The motion of matter around compact objects, when it is
influenced by an electromagnetic radiation field [originat-
ing for example from the surface of a neutron star (NS), a
boundary layer around a NS, a type-I x-ray burst on the NS
polar caps, a hot corona around a black hole (BH) or an
accretion disk around a NS or a BH], deviates from a
geodesic trajectory. In such processes, the general relativ-
istic Poynting-Robertson (PR) effect plays an important
role in removing energy and angular momentum from the
affected body, thus playing a role of a dissipative force in
general relativity (GR) [1,2].

Recently, a series of programmatic studies on such an
effect in GR have been published. From a theoretical
perspective, it is worth to cite: the general relativistic
modeling from the two-dimensional (2D) [3-6] to the
3D cases in Kerr and other metrics [7-10], its treatment
under a Lagrangian formalism, determining for the first
time the analytical form of the Rayleigh potential in GR
literature [11-13], proof that the equatorial ring of the
critical hypersurface is a stable attractor [14], and the whole
critical hypersurface is a basin of attraction [15]. There are
also several attempts to apply such an effect to describe
astrophysical phenomena, like: analysis of the disk
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dynamical evolution when it is intercepted by a type-I
x-ray burst [16—19], modeling the photospheric expansion
occurring during Eddington-luminosity x-ray bursts
[20,21] and associated oscillations [22,23], a new method
to diagnose the presence of wormholes through the
detection of metric changes occurring in strong field
regimes around black holes through the PR critical hyper-
surfaces [24].

The exterior spacetime of a rotating NS (or other
compact objects such as dark stars, gravastars, and boson
stars [25]) is not unique and analytically known. However,
if we consider such objects in a regime of slow rigid
rotation, modeled as stationary and axially symmetric
perfect fluids through mass M, angular momentum J,
and quadrupole moment Q, then the Hartle-Thorne metric
can be employed to realistically describe them with
accuracy up to the second order in J and first order in
0 [26,27]. While Schwarzschild, Kerr, and Erez-Rosen
metrics are all exact solutions of Einstein vacuum field
equations to, respectively, model static, rotating, and static,
axially symmetric and nonspherical compact objects, the
Hartle-Thorne metric, on the other hand, is an approxi-
mate solution of Einstein field equations in the vacuum.

In this work, we aim to extend our previous works on the
3D modeling of the general relativistic PR effect [7,8,10] in
the Hartle-Thorne metric, using as a description of the
radiation field the model developed in Ref. [8]. The paper is
organized as follows: in Sec. II we recall the Hartle-Thorne

© 2021 American Physical Society
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metric; in Sec. III we derive the test particle’s equations of
motion; in Sec. IV we analyze the critical hypersurfaces,
investigating extensively their properties, and showing also
a possible application to the NS case; finally in Sec. V we
draw our conclusions.

II. SPACETIME GEOMETRY

A. Hartle-Thorne spacetime

Astrophysical objects are not exactly spherical symmet-
ric, the more if they are rotating. The exterior spacetime of a
slowly rotating and slightly deformed compact object
endowed with total mass M, angular momentum J and
quadrupole parameter' Q can be accurately described by
the Hartle-Thorne metric [26,27]. Using geometrical units,
where G = ¢ = 1, and spherical coordinates (¢, r, 0, ¢), the
line element of this metric is given by [28]

ds* =—f(r)F,(r.0)dr* +7ch((r}:)9) dr?
+7r2F3(r,0)(d0* + sin® 0dg?) —4TJsin2 Odtdp, (1)
where
2M
flr)=1-—>,
2 50-12/M
e |
6J>
talr) = k(1) =2
B P OSQ-PM (7
ky(r) = ki ( )+F_ZW WQI <M_ 1>,

2 J?
Fi(r.0) = 1+ 2k (r)Py(cos ) + ——— (2cos? 6 — 1),
f(r)r
2 2
Fy(r,0) = 1 — 2ky(F)Py(cos ) _JTr)j_‘“
F3(r,9) =1- 2k3(}’)P2(COSg), (2)

and P,(x) is the Legendre polynomials of the first kind,
Q;(x) and Q,(x) are the associated Legendre polynomials
of the second kind, which all explicitly read as

Py(x) = %(3)(2 ~ 1),
o) = 2 - [Zn(11) -2 =)
00— -y fin(A) - 220l

"The quadrupole parameter Q introduced here is related to the
mass quadrupole moment Qy7 as defined by Hartle and Thorne
[26,27] through the formula Q = 2J%/M — Q.

1. Properties of the Hartle-Thorne metric

We report some useful properties of the Hartle-Thorne

metric, which will be useful in the next sections.

(1) Metric (1) reduces to the approximate Kerr metric in
the Boyer-Lindquist coordinates (7, R,®,¢) up to
second-order terms in the rotation parameter a by
considering J = —M?a, Q = J*>/M, and the follow-
ing transformation of coordinates [28]:

2

e oo
- f(R)f <—%R> cosz®] ,
0=0 -+ 2a_R22f(—R) sin ® cos ©. (4)

(i1) For J = 0 metric (1) reduces to the linearized Erez-
Rosen spacetime (static, axially symmetric, and
nonspherical quadrupolar massive source) with re-
spect to its quadrupole parameter Qrgr [6].

(iii) Hartle-Thorne spacetime can admit an event horizon
Ry and ergosphere Rg;, whose expressions are
obtained by, respectively, imposing g,zq,— 91199y =0
and g,, = 0 and then solving such equations for r in
terms of 6, once Q, J has been assigned [29].

(iv) The domain of validity of the Hartle-Thorne
approximation around a gravitating body must al-
ways be (see Sec. II in Ref. [28], for further details)

25J2Q2 1/3
128M7> '

r—2M > < (5)

B. Zero angular momentum observers

The Hartle-Thorne spacetime admits, as in the Kerr
metric, zero angular momentum observers (ZAMOs), who
are dragged by the rotation of the spacetime (even though it
is not strong) with angular velocity Qzamo = =91/ Jpp»
while their radial and latitudinal coordinates remain con-
stant. The four-velocity of ZAMOs, n, is [3,4,7,8]

n= % (8, — N*8,,). (6)

where N = (—g"")~!/? is the time lapse function and N* =
919/ 9y 1S the spatial shift vector field. An orthonormal
frame adapted to the ZAMO:s is [3,4,7,8]

0, 0 0,
e =n, e = r s eé: 0 y e(o: @ . (7)
9rr Yoo \/g(/}(p

All the indices associated to the ZAMO frame will be
labeled by a hat; instead all the quantities measured in the
ZAMO frame will be followed by (n).
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C. ZAMO kinematical quantities

The properties of the Hartle-Thorne spacetime combines
those of the Kerr [7,8] and Erez-Rosen metrics [10].
Therefore, as done in the previous cases it is still convenient
to use the Lie transport (see [11,30,31], for further details),
where the nonzero ZAMO kinematical quantities are
acceleration a(n) = V,n, expansion tensor along the @
direction @,(n), and the signed Lie curvature tensors
k(x',n) relative to the ZAMO n four-velocity along the
directions x' = r,0, ¢ [7,30,31]. They have only nonzero
components in the 7 — 0 ZAMO plane [7,8,10] and can be
calculated through the formulas

a(n) = a(n)'e; + a(n)'e;
B (9N OyN 9
SN N
0,(n) =0(n) ,e; + Q(n) 5
\/g—q,(; 0,N 89N”’
v (o)
k(x',n) = k(x',n)"e; + k(x',n)%e,
0,9ii

- 5]
2gii\/ 9rr !

009
- 0p. 8
291'1'\/909 0 ( )

It is important to note that k(¢,n) = k() (n) [7,10]. The
ZAMO kinematical quantities are expressed in terms of the
derivatives of d,N and 0,N?, where a = r, 0, namely

Yo = gtzqaaag(pgo + Ypp (gqa(paagtt - thgoaagtqa)’
N3
O,N = — _%’
2 (Gip = Yu9op)
ONY = 9ppOaYrp — gn,ﬁagw )
Tow

Therefore, to have their explicit expressions we need to
calculate the derivatives of the metric components with
respect to the radial » and polar 6 coordinates. The
derivatives with respect to r are

—[0.f(r)F\(r,0) + f(r)0,F(r,0)],
J(r)0.Fy(r,0) = 0.f(r)Fa(r.0)

f(r)? ’
0rgog = r[2F3 + r0,F3(r,0)],

09y =

ar.grr =

8}"9{/){/) = argé'.‘)Sin297

2J
0,91y = —5 Sin%0), (10)
r

while the derivatives with respect to 6 are

09Gu = —f(r)0pF (r,0),
0pF(r,0)
flr)
Dogoo = r*0gF(r,0),
DoGpp = r*[sin(20)F5(r, 0) + sin00,F5(r,0)].

ac9grr =

2J
091y = —TSIH(ZQ). (11)

In Table I we summarize the explicit expressions of
functions’ derivatives (2) and (3) in Hartle-Thorne
metric.

III. TEST PARTICLE DYNAMICS
A. Radiation field

In this section we approximate the radiation field by
considering it to only consist locally of photons traveling
on trajectories orthogonal to the rotating emission sphere
(corresponding either to the NS surface or a boundary layer
forming around a NS). Such photons are characterized by a
four-momentum component k¢ = 0. This approach follows
previous studies [3,4,7,8,10], and it simplifies the treatment
of the model significantly. Of course more astrophysically
realistic models should take into account the photon
emission from the whole surface including the whole range
of outgoing light ray directions, the angular dependence of
the surface emissivity, and law of emission related to the
equation of state of the emitting surface. Although in the
literature there are some attempts along this direction
[9,32,33], they are based on relativistic models simpler
than the one proposed in this paper. These crucial features

TABLE I.  Explicit expressions of functions’ derivatives (2) and
(3) in Hartle-Thorne metric. For easing the notations, we define
x=r/M—1and y=cos6, where , P, (y)=3yand d,f(r)=2M/r*.

Metric quantity Explicit expression

0,0, x(7—6x2)+3(x2—1)(x2—1//22) In[(x+1)/(x=1)]
(-1}
0,0, =8+10x2=6x*+3x(x2=1) In[(x+1)/(x=1)]
(=1)?
ki (r) ~ L (3r +4M) =322 0, (x)
0,ky(r) A,k (r )+2‘”
0,ks(r) AP 50-1/M [rf(10.0,(x)/M=0,(x)f 2r)
arkl (}’) r 4 M? |: 2 /f(r)3 i|
0,F:(r,0) 20,41 (r)Pa(y) = G- (2r - 3M)
0,F,(r.0) —20,ky(r) P> () +,;;{j) (2r —3M)
0,F5(r,0) —20,k3(r)P5(y)
0pF (1. 0) —sin(20) 3k, (r) + 4412 1
(99F2(r, 9) 3 Sln(29) 2( )
0yF5(r, 0) 3sin(260)ks(r)
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are not discussed in the present article, but they will be part
of forthcoming works.

The effective description of the radiation field is thus
given by the stress-energy tensor [3,4,7,8,10]

T = ®?k*kP, k%, = 0, kﬁVﬁk“ =0, (12)
where @ is the parameter related to the intensity of the
radiation field. The photon four-momentum k can be split
in the ZAMO frame as [3,4,7,8,10]

k= E(n)[n +o(k,n)],
D(k,n) = sin fsin £e; + cos Eey + sin&cos ey,  (13)

where #(k,n) is the photon spatial velocity on the spatial
hypersurface orthogonal to n and E(n) is the relative
photon energy in the ZAMO frame [3,4,7,8,10]:

H@z—kn:§U+MWL (14)

where E = —k, > 0 is the conserved photon energy and S
and & are the two angles in the azimuthal and polar
direction, respectively. The case sin 8 > 0 corresponds to
outgoing photons (increasing radial distance from the
central source) and sin # < 0 to incoming photons (decreas-
ing r). The angular momentum along the polar 0 axis in the
local static observer frame L(n) is [7,8,10]

E(n)cosfsiné = Ly(n) =k(n) - e, = L. . (15)

\/g(p(p

where L, = k,, is the conserved photon angular momentum
along the @ axis. From Egs. (14) and (15), we have

bN
VIpp(1 +DN?)’

where b = L,/E denotes the azimuthal photon impact
parameter associated to the azimuthal angle . Following
the same strategy as adopted in previous studies (see
Refs. [7,8,10], for details) we assume that k% = 0 along
all the photon trajectories. This implies that the polar angle
6 is conserved along the photon trajectories, namely

cosff = (16)

0 = k?/gge = 0, and so & = const. Since our radiation
field is emitted radially in the frame of the rigidly rotating
emitting surface, we have that £ = z/2 [cf. Eq. (13)] and
everything is expressed only in terms of the parameter b
and the angle @ occupied by the test particle. This implies
that [8,10]

+ G,,82,
b:P%;&L4 , (17)
G + gzq)Q* F—R

where R, and Q, are, respectively, radius and angular
velocity of the emitting surface.

Therefore, the photon four-momentum k is defined in
terms of h(0) or equivalently (0,R,,Q,), whereas the
stress-energy tensor of the radiation field (12) is completely
determined by calculating the quantity ®. From the con-
servation equations V/,»T“/" =0, the absence of photon
latitudinal motion (k = 0), and the axial symmetries of
the Hartle-Thorne spacetime, we have [3,4,7,8,10]

0= Vﬂ(dﬂkﬂ) = 0,(/—g®*k"). (18)
Therefore, we obtain [4,7,10]
V=9®?k" = NE(n)\/q,, 000 sin pO*> = Esin @3,  (19)

where @, is ®@ evaluated at the emitting surface. Then, after
some algebra, we obtain

o — ; . (20)
(1 + bN?)r*F5(r,0)sinp

B. Test particle motion

A test particle moves in the 3D space with four-velocity
U and spatial velocity #(U, n) with respect to the ZAMO
frame, given, respectively, by [3,7]

U = y(U.n)n+v(U.n), (21)

. s P "
D(U.n)=1'e; +1%;+ 1%,

=v(sinasinye; +-cosy e, +sinycosae,),  (22)

where y(U,n) =y =1/+/1—|[v(U,n)|* is the Lorentz
factor, 1%(U,n) = 1% is the spatial velocity in the ZAMO
frame, @ and yw are the azimuthal and polar angles,

respectively, and v = V1/2 + % 4 172 is the module of

the spatial velocity. The explicit expressions of the test
particle velocity components are

pi=d_r podr_
“dr N’ S dr Trr
,  do 0 . d G N?
Ul =-—"-= v , U‘/’E—(p: Ut —y—, (23)
dr Joo At /Gy N

where 7 is the affine (or proper time) parameter along the
test particle’s world line.

Using the observer splitting formalism, we find that the
test particle acceleration in the Hartle-Thorne spacetime is
similar to that of the Erez-Rosen metric [10], whose explicit
expression is given by
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a(U)" = y*[a(n) + 2vcosasinyd(n),

+ 1*(=k(r,n)? sinasiny cosy
+ k(¢@,n)’sin?ycos’a + k(6,n) cos?y )]
da

.. dy :
+y( y?sinasiny — + vcosasiny —
dz dr

d
+ vcosy/sina—w>, (24)
dz

a(U)é = Vz[a(n)é -+ 2vcos asin wQ(n)%

+ 2 (k(op, n)acosza siny

+ k(r,n)?sin%a sin?y

— k(0,n)" sinasiny cosy)]

d d

+y<yzcosy/d—:—usiny/d—l/;), (25)
a(U)? = —721/2[/(((,0,11)9 sin y cos a cos i

+ k(g,n)7sin?y sin a cos ]

5 . dv . . da
+ |y cosasiny — —vsinasiny —
dr dz

d
+ ucosacoswlp). (26)
dr

From the orthogonality between a(U) and U, we can
determine the expression of a(U ); [7,8]:

a(U) = v[a(U) sinasiny + a(U)? cosy
+ a(U)? cos asiny]
= y?v[sina siny(a(n)” 4 2w cosa sinyd(n),)

+cosy(a(n)? + 2vcos asin z/JG(n)%)]

d
+ 2 (27)
dr

We note that such expressions for J = 0 (Q = 0) behave
similarly to that of the Erez-Rosen [10] (Kerr [7,8]) metric.
Instead, for J =0, Q =0, they reduce to that of the
Schwarzschild metric [7,8].

C. Test particle-radiation field interaction

We assume that the radiation—test particle interaction
occurs through Thomson scattering, characterized by a
constant momentum-transfer cross section o, independent
from direction and frequency of the radiation field. The
radiation force is [3,4,7,8,10]

Fuay(U)? = —oP(U)* TP, UP, (28)

where P(U)%; = 52 + UUj projects a vector orthogonally

to U. Decomposing the photon four-momentum k first with
respect to the test particle four-velocity U, and then in the
local observer frame n, we have [7]

k = E(n)[n + b(k.n)] = EQU)[U+ V(k.U)].  (29)
Exploiting Eq. (29) in Eq. (28), we obtain [7,8,10]

f(rad)(U)& = _U(DZ[P(U)&/}kﬁKkﬁUﬁ)
= 6[®E(U)*V(k, U)%. (30)
The equations of motion are ma(U) = F (yaa)(U), where m
is the test particle mass. Defined 6 = 6/m, we obtain the
following equations [7,8,10]:
a(U) = 60*E(U)*V(k,U). (31)
Multiplying scalarly Eq. (29) by U, we find [7,8,10]

E(U) = yE(n)[1 — vsiny cos(a — f)]. (32)

Such splitting permits one to determine V(k,U) = V'n +
Vies + f}ee@ + f)"’e@ as [7,8,10]

PF sin . .
h h ) 33
vV y[1 —vsiny cos(a — )] yvsingsina,  (33)
Y- cos p o .
)% y[1 —vsiny cos(a — p)] yvsingcosa,  (35)
V= siny cos(a— f3) —v )

1 —vsinycos(a—f)|

D. Equations of motion

The test particle equations of motion are written in terms
of magnitude of spatial velocity v, polar  and azimuthal «
angles of the spatial velocity measured in the local ZAMO
frame, radius r, polar angle 6, and independent from the
azimuthal angle ¢ due to rotational symmetry of the PR
model [7,8,10]:

d 1 5 7
aw__2 {sinasiny|a(n)" + 2vcosasinyd(n)’,]
dr y ¢
-+ cos w[a(n)‘z) -+ 2vcos a sin V/G(n)%}}
GOEU)? +;
+MV’ (37)
r’v
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ci;_q,: - % {—sinacosyla(n)” + 2vcosasinyd(n)" )]
+ siny[a(n)? + 2vcos asinyo(n)? N
+ 12[(k(p. n)cos?a + k(r.n)?sin’a) siny
— k(0,n)" sinacosy]}
GIOE 2 .
+ "[zﬂ [V cosy — V0], (38)
yv? siny

da _ycosa

di " osiny {~la(n)" + 2vcosasinyd(n),]

— k(r.n)?) cosy siny sina

- 22[(k(g.n)?
+ k(. n) sin?y + k(0,n)"cos’y]}
6| OF ~n o
+ a[(U—W V' =V tanal, (39)
yusiny
Urzﬂ:yusmasmy/’ (40)

dr Grr

U0 = do  yvcosy

) (41)
dr /o
U(pE@_yucosasiny/_ ﬂ (42)

= }/ .
dr N N

Defining A = 6®3E?, which is the so-called luminosity
parameter and can be also written as A/M = L/Lgpp €
[0,1], where L is the luminosity measured by a static
observer at infinity and Lgpp is the Eddington luminosity
[7,8,10] and using Egs. (20) and (32), we obtain

_Ay*(1+bN?)[1 —vsiny cos(a—f)]?

G[PEU))> = 43
SIPEW)] N?r2F5(r,0)sinf (43)
IV. CRITICAL HYPERSURFACES

The dynamical system governed by Egs. (37)—(42)

admits, as the previous models, a critical hypersurface
outside of the emitting surface, where gravitational
attraction and radiation pressure balance. Such a region
is analytically determined by the critical radius r.; as a
function of 0, i.e., ryy = rei(6), once the parameters
(J,0,A,R,,Q,) are assigned. We consider a test particle
moving along a nonequatorial plane on purely circular orbit
(i.e., the azimuthal and polar angles related to the test
particle’ spatial velocity as measured in the local
ZAMO frame are, respectively, a =0,z and w = x/2,
and the magnitude of the spatial velocity is v = const).
Equation (37) for dv/dr = 0 reduces to [3,4,7,8,10]

FIPE(U)2V' =0 = v = cos . (44)

The velocity of the test particle equates the photon
azimuthal velocity. Since the test particle moves tangen-
tially on the critical hypersurface, we have da/dr = 0, and
Eq. (39) assumes the following form:

T ok(pony = TPEOE 5 s

a(n)” +210(n)", »

which is an implicit equation for determining the critical
radius rg; [3,4,7,8,10]. The critical hypersurface is axially
symmetric with respect to the polar direction and can
assume either an oblate or prolate form depending on the
interplay between gravitational pull a(n)”, centrifugal
forces k(p,n)’, frame-dragging effect 21/6( )? and radi-

ation forces including the PR effect Z2EYL Ly,

In Fig. 1, we plot different conﬁguratlons of critical
hypersurfaces by varying the values of some parameters.
Bearing in mind the condition (5), which tells from which
radius the Hartle-Thorne metric is valid, we decided to
display also the unphysical solutions, which are located
inside the emitting source (gray surface) or not respecting
the above requirement, because we would like to highlight
how the critical hypersurface configurations morph in terms
of the parameters’ variability. For convenience we have
defined the Hartle-Thorne spin a = ¢J/(GM?) € [0, 1] and
quadrupole moment g = —c*Q/(G*M?) € [-1,0].Itis also
important to note that since the Hartle-Thorne metric is an
approximate solution in terms of a and ¢, it works for
a,—q < 1. We use only negative values of the quadrupole
parameter ¢; otherwise, we checked that no critical hyper-
surface exists. A physical explanation of the occurrence of
such a phenomenon can be attributed to the combined effect
of the centrifugal and frame-dragging forces, which are
responsible for sweeping the test particle away.

We immediately see that the luminosity parameter A
plays a fundamental role in shaping the critical hypersur-
face. In particular, high luminosities A = L/Lggq = 0.7 are
needed to have a critical hypersurface relatively far from
the emitting surface (see upper left panel). Increasing the
spin values, the critical hypersurface becomes more oblate
(see upper right panel), and the same argument holds also
for the quadrupole moment (see lower left panel). The
rotation of the emitting surface, Q,, strongly contributes
also in shaping the form of the critical hypersurface (see
lower right panel). In conclusion, we can infer that the
radiation field intensity and the different gravitational
effects (i.e., curved geometry, frame dragging, and cen-
trifugal forces) only along the radial direction contribute to
morph the critical hypersurface.

In the next sections, we derive the conditions to obtain
suspended orbits (Sec. IVA), and we apply this model to
describe the emission properties of a NS (Sec. IV B).
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FIG. 1.

We show in different plots the shapes of the critical hypersurfaces in terms of varying parameters. In all plots the emitting

surface radius is R, = 6M and is displayed as a gray surface, and the red arrow points in the positive polar direction. Left upper panel:
We fix a = 0.1, ¢ = —0.3, and Q = 69 x 107*M~" and change the relative luminosity A = 0.80, 0.82, 0.85, 0.88, 0.90. Right upper
panel: We fix A = 0.8, ¢ = —0.3, and Q = 0.034 M~' and change the spin a = 0.1, 0.2, 0.3, 0.5,. Left lower panel: We fix A = 0.8,
a=0.1,and Q = 0.034 M~" and change the quadrupole moment ¢ = —0.1, —0.4. Right lower panel: We fix A = 0.8, a = 0.1, and

g = —0.3 and change the critical hypersurface angular velocity Q = 0.019M~',0.029M~",0.038M~",0.048 M~

A. Suspended orbits

The test particle could move on circular orbits bounded
on the critical hypersurface at constant height y # 0 (off-
equatorial plane), without the action of the latitudinal drift
mechanism (see Refs. [7,8], for further details). To obtain
such configurations, the test particle must touch the critical
hypersurface with the following conditions: a =0, z,
v=cosf, r=rq(0), and dy/dr =0 (where this last
condition is the strong constraint for not having latitudinal
drift toward the equatorial plane). Vanishing Eq. (38), it is
possible to determine the value of y, by solving this
implicit equation [8]:

a(n)? + 2usin 1//6(12)@@ + k(. n)?

GIPEU))? «; “d
+M[v’ cosy — V] = 0. (46)
yevsm-y

The value of y strongly depends on emitting surface
location R,, angular velocity Q,, and compact object
quadrupole moment ¢ and spin a.

In Fig. 2 we show the angle y at which the test particle
should touch the critical hypersurface to reach the fixed
height & and moving on such plane on a circular orbit.
We note that it is always possible to have suspended orbits
both on and off the equatorial plane. It is interesting to note
that increasing the module of the spin the y angle decreases
because the test particle has to contrast stronger forces (see
left panel). The same argument holds also for the module of
q (see right panel). These particular configurations, on
which a test particle moves stably, are typical of the general
relativistic PR effect in the 3D space [7,8,10]. Their
formation is a result of the perfect balance among the
gravitational contributions (including also the polar cen-
trifugal force and the frame-dragging effect) and the
radiation forces along the polar direction; see Eq. (46).
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FIG. 2. Different configurations of suspended orbits at height € on the critical hypersurface in terms of the angle y are shown. We set
A=0.8,Q, =0.01,and R, = 3M. Once we fix ¢ = —0.4 and change the value of the spin a = 0.1, 0.2, 0.3, 0.4 (see left panel), then
we fix a = 0.1 and change the value of the quadrupole moment ¢ = —0.1, —0.2, —0.3, —0.4 (see right panel).

We note that off-equatorial suspended orbits are the
consequence of our assumptions on the radiation stress-
energy tensor (12), which is constituted by “a single stream
of photons” reaching the test particle at each instant of time.
In other models of the 3D general relativistic PR effect [9],
the radiation source is modeled by a bunch of photons
coming from the whole 3D emitting surface. In this case,
the radiation force drives always the test particle toward the
equatorial plane, where it moves stably, since there is a
perfect balance of both gravitational and radiation forces
from the two hemispheres of the emitting surface.

B. Radiation effects around a neutron star

The present model of the general relativistic PR effect in
the Hartle-Thorne metric can be used to describe several
radiation processes occurring on and around a NS, like:
accretion phenomena, type-I x-ray bursts, and photospheric
radius expansion. To see how to apply our developments to
a NS, we know that such an astrophysical object is
described by mass M, radius R,, spin frequency f (or
angular velocity Q,), Hartle-Thorne angular momentum a
and quadrupole moment ¢. Since we have a nonspherical
distribution of the mass, we can also consider that the NS
shape is not anymore spherical but deformed as an
ellipsoid. However, due to the axially symmetry of the
Hartle-Thorne spacetime, it is reasonable to assume that
this ellipsoid is rotationally symmetric and therefore it is
defined by the equatorial R., and polar R, radii.
Therefore, the NS form is described by

X = Reysinfcos ¢,

2 2 2
X ng +ZT:1© y = Ry sinfsing, (47)
Req Rpol

7 = Ry, cos 6.

The polar radius can be also expressed in terms of the
ellipticity e, namely Ry = Req(1 +€).

Therefore, the NS is defined by six parameters
{M,f.Re.a.q,e}. Since we have already several other
parameters for characterizing the radiation processes, we
would like to reduce the NS parameter space. To this end,
we follow the approach of Baubock and collaborators [34],
defining the following set of parameters:

;L oM f .
=— /== €)= —, a = €pa,
0 > qu 0 fO 0
GM
— 2 % — 2% _ 48
i=da.  e=de. (=g @)

eq

where f|, is the Keplerian angular velocity of a test particle
orbiting at a radius R, around a mass M, corresponding
also to the maximum NS frequency to which it can be spun
up before breakup. We label the parameters with an asterisk
in order to highlight that they depend on the particular NS
equation of state considered.

Baubock and collaborators show that the actual six-
parameter space can be reduced to a three-parameter space
spanned by {M, R.. f}, which is valid over the astrophysi-
cally relevant parameter range and for a variety of equations
of state. Therefore, the remaining three parameters {a, ¢, ¢ }
can be written in terms of {M, Ry, f} through the follow-
ing equations [34]:

a = ¢€y(1.1035 — 2.146¢ + 4.5756(2), (49)

g = a®exp [—2.014 10.601 log (ﬁ (:—3/2>

€0
a 2 a 3
+1.101og (— c—3/2> —0.4121og <— §—3/2)
€0 €0
4
+0.0459 log <ﬁ §—3/2> } : (50)
€o
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2
- —3323 {2£[88 - 320707/ + 8a*2¢° — 48428

+ (a*? = ¢*)(45 = 135¢ + 608% + 3043) + 24a*2{4
+45(a*? — g*)(1 = 20)*log(1 = 2¢)}. (51)

e

We note that since we assumed an ellipsoid shape, where
the NS radius can be written as

Rus(6) = \/ R2,sin 6 + R%, cos” 6, (52)

we have that the formula to calculate the impact parameter
(17) must be slightly changed in the following form:

b= |:_ gt(/) + g(ﬂ(ﬂgt

. (53)
9ir + g,(/,Q* :| r=Rys(0)

We can also relate the angular velocity of the emitting
surface 2, in terms of the frequency f through

GM
C-

To further reduce our parameter space, we fix the values of
the NS mass M =14 Mg, and equatorial radius
R.q = 6M; therefore, the remaining free parameter is only
f. In Fig. 3, we plot different NS critical hypersurfaces for
different values of the luminosity parameter A. We have
checked also how the critical hypersurfaces would
have altered its shape, if we had varied f € [0,400] Hz
(physically allowed NS frequency range), but no
significant changes have been found. Therefore, in
Fig. 3 we fix f =400 Hz. In such cases, we have
the following values of the dependent parameter set:

s |
(o)
N
-5 \
-10 L //;
S, s
\\\\\ //1/0
-10 o
Fo \\\\\ 0 W
e oOsﬁ’ (0 o - /// 0 é\“Q :
Wy, SN P 9
) 10 ~. 10 <
FIG. 3. Critical hypersurfaces for a NS of mass M = 1.4 M,

equatorial radius R.; = 6M, and spin frequency f = 400 Hz, and
for different luminosity parameter values A = 0.82, 0.83, 0.85,
0.88, 0.9 (corresponding, respectively, to the orange, blue, green,
red, and violet colors of the displayed surfaces). The gray surface
represents the NS and the red arrow the positive polar direction.
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FIG. 4. Ceritical luminosity A in terms of the polar angle 6 for
M =14 Mg, Rq = 6M, and f = 400 Hz. The red dashed line
represents the average critical luminosity, while the blue con-
tinuous line is the critical luminosity for f =0 (i.e., a = 0 and
g = 0); namely it is framed in the Schwarzschild spacetime.

Ry = 6.23M, Q,=17x 1073M~', a=022, g=0.29,
and ¢ = 0.04. This example confirms that even if we
consider a high spin frequency, f = 400 Hz, the above
approach results in a rather low spin parameter, a = 0.22,
within the applicability of the Hartle-Thorne spacetime
model.

From this plot we also note that for having critical
hypersurfaces outside of the NS surface, we need to have
quite high luminosities, namely A = L/Lgqq 2 0.82. In
Fig. 4 we determine the critical luminosity A, being the
luminosity A at which the critical hypersurfaces touches
the NS surface at height 8. The critical luminosity at the
equatorial plane is A.; = 0.7654 and at the poles is
Agic = 0.836; while the average critical luminosity is
A4t =0.800, and finally the critical luminosity for f =0
(i.e., a = 0 and g = 0, the Schwarzschild metric) remains
constant at A.; = 0.817.

V. CONCLUSIONS

We have developed, for the first time in the literature,
the full general relativistic 3D (and 2D by considering
0 = w = n/2) treatment of the motion of a test particle
around a nonspherical and slowly rotating compact object,
described by the Hartle-Thorne metric, and in the same
time affected by the radiation field, including the general
relativistic PR effect, from a spherical and rigidly rotating
emitting surface located outside the compact object (see
Sec. III). The Hartle-Thorne spacetime is an approximate
solution of the Einstein field equations in the vacuum, and it
is described in terms of three parameters: the mass M, the
angular momentum J, and the quadrupole moment Q (see
Sec. T A).

In order to make our approach more flexible in view of
extension of this model for other metrics more realistic than
the Hartle-Thorne description, we have cast our initial
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calculations in a modular form (see Sec. IIC). Indeed,
changing the functional form of the functions F(r,#&),
F,(r,0), and F5(r,0) and calculating the related deriva-
tives with respect to r and 6, it is possible to obtain the
ZAMO quantities and then to straightforwardly derive
the equations of motion, the critical hypersurface, and
the suspended orbits. In addition in the Schwarzschild
limit (i.e., ¢ > 0 and a — 0), we have that F,(r,0),
F,(r,0),F5(r,0) > 1, and the metric (1) reduces to the
Schwarzschild spacetime.

The critical hypersurface equation (45) depends on the
luminosity parameter A = L/Lgy, the photon impact
parameter b (or equivalently from radius R, and angular
velocity Q, of the emitting surface), the spin parameter a,
and quadrupole moment ¢g; see Sec. IV. In Fig. 1, we have
produced different configurations of the critical hyper-
surfaces by varying the values of the parameters. We have
shown that the radiation field and the gravitational effects
strongly contribute to morph the critical hypersurfaces. In
addition, high luminosities A 2 0.7 permit one to have the
PR critical hypersurfaces located outside the emitting
surface, making them physically possible.

We have analyzed also the suspended orbits, which are
configurations where the test particle moves on bound off-
equatorial circular orbits on the critical hypersurface at a
given @ height; see Sec. IVA. In Fig. 2 we have plotted the
angle y at which the test particle should be sent in order to
move on a suspended orbit, in terms of the height 9, and
once by fixing the quadrupole moment and changing the
angular momentum (see left panel) and then vice versa (see
right panel). Therefore, it is possible to obtain suspended
orbits at all heights for different values of the parameters a
and ¢, due to the perfect equilibrium between gravitational
and radiation forces, without having latitudinal drift motion
toward the equatorial plane.

Finally, we have also proposed an application of the PR
effect to model NSs; see Sec. IV B. In this case, we have
found a way to write the parameters {g, a, ¢, Q, } in terms

of the quantities {M, R.,. f} through Egs. (49)—(51), which
are valid for a variety of equations of state. We have
considered that the NS is not anymore a spherical body, but
it is an ellipsoid with rotational-azimuthal symmetry and
determined by the equatorial R, and polar R, radii,
where the latter can be expressed also in terms of the
eccentricity e. This entailed to slightly change the expres-
sion of the photon impact parameter b; see Eq. (53). We can
further reduce the parameter space by setting M = 1.4 M
and R., = 6M (typical NS mass and radius), so that all the
parameters will depend only on the spin frequency f. In
Fig. 3 we plotted the critical hypersurfaces, but only by
varying the luminosity parameter A = L/Lgqq, because
there are no significant change in terms of f. Then, we
have also analyzed at which luminosity A = L/Lggq
the critical hypersurface touches the NS surface at the
height 6, comparing also these configurations with the
Schwarzschild case; see Fig. 4. This can be the initial setup
for then developing astrophysical models involving radi-
ation effects occurring either around or on the surface of
a NS.

As a future project, we aim at extending our treatment of
the 3D general relativistic PR effect around a fast rotating
and nonspherical quadrupolar massive source. These astro-
physical objects can be modeled by several sophisticated
metrics, which in general due to the complex treatment
requires specific numerical treatments [35].
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