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Abstract

This con tribution describ es and illustrates ligh t de
ection near neutron stars as an exam-

ple of the signi�cance of general relativit y for astroph ysics. First, a summary is giv en of the

prop erties of photon orbits in the Sc h w arzsc hild metric, the Sc h w arzsc hild metric b eing a go o d

appro ximation to the exterior metric of slo wly rotating neutron stars. Secondly , it is illustrated

ho w ligh t de
ection a�ects the observ ation of sources on the surface or close to the surface of a

neutron star. Thirdly , it is illustrated that it is imp erativ e to tak e ligh t de
ection in to accoun t

when in terpreting the pulse pro�les of accreting X-ra y pulsars, b ecause the ratio of neutron star

radius to Sc h w arzsc hild radius strongly a�ects the pulse pro�les predicted from mo dels of the

pulsar's X-ra y emission regions.

1 In tro duction

When observ ed radiation is analyzed to deduce the prop erties of the source, there are

three quan tities of in terest: photon energy , in tensit y and angular distribution. In order

to relate the observ ed photon energy , in tensit y , and angular distribution to the photon

energy , in tensit y , and angular distribution at the source one has to i) follo w the photon

orbit b et w een source and observ er, ii) �nd the v ariation of photon energy along the orbit,

and iii) �nd the v ariation of in tensit y along the orbit.

This is straigh tforw ard in the absence of gra vitational �elds, where energy and in tensit y

are constan ts along the photon orbits and photon orbits are straigh t lines. In the presence

of gra vitational �elds one has to pro ceed in the follo wing w a y:

a) Photon orbits are n ull geo desics x

�

( � ), i.e. the photon four-momen tum p

�

( � ) =

dx=d� satis�es the geo desic equation and is n ull:

dp

�

d�

+ �

�

� �

p

�

p

�

= 0 g

��

p

�

p

�

= 0 :

b) The energy measured b y a lo cal inertial observ er with four-v elo cit y u

�

at some

lo cation � along the orbit is

E = � g

��

u

�

p

�

:

c) The sp eci�c in tensit y I

�

measured b y a lo cal inertial observ er is obtained via the

photon n um b er densit y f whic h is a Loren tz in v arian t quan tit y and is constan t along

n ull geo desics in v acuum:
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d

d�

f ( x

�

( � ) ;p

�

( � )) = 0 f = I

�

c

2

= ( h

4

�

3

) :

2 Photons in the Sc h w arzsc hild metric

2.1 The Geo desic Equation

As a sp eci�c example for the general equations giv en ab o v e w e will turn to photon orbits

in the Sc h w arzsc hild metric.

The Sc h w arzsc hild metric is the metric in v acuum outside a spherical mass distribution.

It dep ends on a single parameter, the Sc h w arzsc hild radius of the cen tral mass M , de�ned

b y r

s

= 2 GM =c

2

( G the gra vitational constan t, c the sp eed of ligh t).

In the usual Sc h w arzsc hild co ordinates t , r , � , and � the Sc h w arzsc hild metric is diag-

onal and reads

g

��

= diag( � (1 � r

s

=r ) ; 1 = (1 � r

s

=r ) ; r

2

; r

2

sin

2

� ) :

Because of the spherical symmetry , a photon orbit is alw a ys con�ned to a single plane.

If one c ho oses the p olar co ordinates � and � suc h that this plane is the equatorial plane,

then � = � = 2 is constan t along the orbit and p

�

= d� =d� = 0.

The geo desic equations for the momen tum comp onen ts p

t

= dt=d� , p

r

= dr =d� , and

p

�

= d�=d� are:

dp

t

d�

+

r

s

r

2

(1 � r

s

=r )

p

t

p

r

= 0

dp

r

d�

+

r

s

(1 � r

s

=r )

2 r

2

( p

t

)

2

�

r

s

2 r

2

(1 � r

s

=r )

( p

r

)

2

� r (1 � r

s

=r )( p

�

)

2

= 0

dp

�

d�

+

2

r

p

�

p

r

= 0 :

These three equations can b e in tegrated analytically once and giv e

p

t

= k

t

= (1 � r

s

=r ) (1)

p

r

= �

q

( k

t

)

2

� ( k

�

)

2

(1 � r

s

=r ) =r

2

+ k

r

(1 � r

s

=r ) (2)

p

�

= k

�

=r

2

(3)

where k

t

, k

r

, k

�

are constan ts of in tegration. The constan ts of in tegration parametrize

the photon orbits. The next step, therefore, is to clarify their meaning.
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2.2 The Constan ts of In tegration

The condition that p

�

b e a n ull v ector giv es 0 = g

��

p

�

p

�

= k

r

) k

r

= 0.

In order to see the meaning of k

t

, consider a measuremen t of photon energy b y a

lo cal inertial observ er momen tarily at rest. The four-v elo cit y of suc h an observ er is

u

�

= ( c=

p

1 � r

s

=r ; 0 ; 0 ; 0) and with the expressions (1) to (3) for the photon momen-

tum, the energy measured turns out to b e E = � g

��

u

�

p

�

= k

t

c=

p

1 � r

s

=r . A t large r

the measured energy approac hes E

1

= k

t

c , so that the constan t of in tegration k

t

can b e

iden ti�ed as photon energy at in�nit y o v er c .

Concerning the third constan t of in tegration, k

�

, it is instructiv e to lo ok at the ratio

b � k

�

=k

t

whic h has the simple geometric meaning of impact parameter of the photon

tra jectory . This can most easily b e seen in the limit of v anishing cen tral mass r

s

! 0 as

follo ws. The photon orbit is completely describ ed b y three functions t ( � ), r ( � ), and � ( � ).

If one is not in terested in the lapse of co ordinate time along the orbit, it is su�cien t to

�nd the tra jectory � ( r ), i.e., the set of all p oin ts ( r , � ) that the photon passes through.

The equation for the tra jectory is

d�

dr

=

d�=d�

dr =d�

=

p

�

p

r

Inserting the expressions (2) and (3) for p

�

and p

r

and setting r

s

= 0 one obtains

d�=dr = � b= ( r

2

p

1 � b

2

=r

2

)

whic h can b e in tegrated to giv e

sin( � � �

0

) = � b=r : (4)

Equation (4) is the equation of a straigh t line expressed in p olar co ordinates. The

meaning of b is illustrated in �gure 1: When a straigh t line is dra wn parallel to the

tra jectory and suc h that it passes through the cen ter of co ordinates, then the photon

tra jectory is a distance b a w a y from this straigh t line. Therefore, b is the impact parameter

of the ( r

s

= 0)-tra jectory . Since the photon tra jectory for non v anishing mass r

s

> 0

approac hes the zero mass tra jectory at large v alues of r , b is also the impact parameter

of the ( r

s

> 0)-tra jectory .

b

b

Figure 1 F or r

s

= 0, the photon tra jectory with impact parameter b (dashed line) is a distance

b a w a y from a parallel through the cen ter of co ordinates (dotted line). The photon tra jectory

for r

s

> 0 (solid line) approac hes the ( r

s

= 0)-tra jectory for r � r

s

.
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In summary: Photon orbits in the Sc h w arzsc hild metric are parametrized b y the photon

energy at in�nit y E

1

and the impact parameter b . The photon four-momen tum p

�

=

dx

�

=d� is giv en b y

p

�

=

E

1

c

 

1

1 � r

s

=r

; �

r

1 �

b

2

r

2

(1 � r

s

=r ) ; 0 ;

b

r

2

!

(5)

and the photon tra jectory � ( r ) is de�ned b y

d�

dr

=

d�=d�

dr =d�

=

p

�

p

r

= �

b

r

2

q

1 �

b

2

r

2

(1 �

r

s

r

)

: (6)

2.3 The T ra jectory

The photon tra jectory is giv en b y

� ( r ) = �

0

�

Z

r

r

0

b dr

r

2

q

1 �

b

2

r

2

(1 �

r

s

r

)

: (7)

This in tegral is an elliptic in tegral of the �rst kind. There is no analytic solution, but

n umerical in tegration using standard routines is straigh tforw ard ([1]).

There are t w o distinct t yp es of photon orbits, dep ending on whether the square ro ot

in the denominator of equation (7) has zero es or not.

1. If b < b

c

= 1 : 5

p

3 r

s

, then

q

1 �

b

2

r

2

(1 �

r

s

r

) > 0, alw a ys. These photon orbits

are de�ned for 0 < r < 1 . Examples are sho wn in �gure 2: the closer b is to

the critical v alue b

c

, the stronger the de
ection of the orbit from a straigh t line.

When b gets arbitrarily close to b

c

, then the orbit circles the cen ter of co ordinates

arbitrarily man y times. That part of the orbit where the spiralling ab out the cen ter

of co ordinates o ccurs and whic h is nearly circular, is in the immediate vicinit y of

r = 1 : 5 r

s

. The sphere with r = 1 : 5 r

s

is called the photon sphere.

2. If b > b

c

, then

q

1 �

b

2

r

2

(1 �

r

s

r

) has t w o zero es, r

1

and r

2

, sa y , one inside and one

outside the photon sphere: r

1

< 1 : 5 r

s

< r

2

. F or eac h b there are t w o photon orbits,

one de�ned for 0 < r < r

1

and one de�ned for r

2

< r < 1 , i.e., photon orbits are

either completely inside or completely outside the photon sphere.

Figure 3 (left) sho ws photon orbits with r > r

2

. When b approac hes b

c

from ab o v e,

the orbit spirals more and more often around the cen ter of co ordinates. The nearly

circular part of the orbit is v ery close to and just outside the photon sphere. Orbits

with r < r

1

are plotted in �gure 3 (righ t). F or b approac hing b

c

, the orbit is v ery

close to and just inside the photon sphere.

If the cen tral mass is a star, then only those parts of the orbits exist that are outside the

star. Since most of the de
ection o ccurs close to r = 1 : 5 r

s

, ligh t de
ection is imp ortan t

only if the radius of the star is not to o large compared to its Sc h w arzsc hild radius.
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Figure 2 Photon orbits for impact parameters b < b

c

. The shaded area is the region r < r

s

, the

dashed line marks the photon sphere at r = 1 : 5 r

s

. Orbits are sho wn for the impact parameters

0, 0 : 37 b

c

, 0 : 98 b

c

, and (1 � 2 � 10

� 6

) b

c

(top to b ottom).
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Figure 3 Photon orbits for impact parameters b > b

c

. Orbits outside the photon sphere are

sho wn on the left hand side for the impact parameters 1 : 38 b

c

, 1 : 002 b

c

, and (1 + 1 : 3 � 10

� 6

) b

c

(top to b ottom). Orbits inside the photon sphere are sho wn on the righ t hand side for the impact

parameters 1 : 23 b

c

, 1 : 0043 b

c

, and (1 + 1 : 7 � 10

� 5

) b

c

(top to b ottom).
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3 Ligh t De
ection Near Neutron Stars

3.1 Masses and Radii of Neutron Stars

As w e ha v e seen, the decisiv e quan tit y regarding ligh t de
ection near a neutron star is

the ratio of its radius R and its Sc h w arzsc hild radius r

s

.

a) observ ational evidence

There are sev eral mass determinations from the observ ation of neutron stars in

binary systems ([2]). The most accurately kno wn neutron star masses are those of

the Hulse-T a ylor binary pulsar PSR 1913+16 and its companion whic h are 1 : 442 �

0 : 003 M

�

and 1 : 386 � 0 : 003 M

�

, resp ectiv ely ([3]).

The less precisely determined masses of six eclipsing X-ra y pulsars seem to b e

consisten t with the \canonical" neutron star mass of 1 : 4 M

�

. Observ ational deter-

minations of neutron star radii are nonexisten t.

b) neutron star mo dels

Mo dels of nonrotating neutron stars are solutions to the Opp enheimer-V olk o� equa-

tions of h ydrostatic equilibrium together with an equation of state ([2]). The k ey

uncertain t y here is the equation of state, esp ecially at n uclear matter densit y and

b ey ond. F or a giv en equation of state the neutron star mo del dep ends on a sin-

gle parameter, the cen tral densit y , and there is a range of cen tral densities whic h

pro duces a series of stable neutron stars. The most massiv e neutron star in this

series is the one with the lo w est v alue of R =r

s

. F or di�eren t equations of state that

are considered realistic the minim um v alues of R =r

s

lie b et w een 1 : 52 and 2 : 3. On

the other hand one ma y b e in terested in the v alue of R =r

s

for the 1 : 4 M

�

neutron

stars that seem to b e fa v oured b y observ ations. F or this case, di�eren t equations of

state predict v alues of R =r

s

b et w een 2 and 3 : 8. According to all of these mo dels, a

neutron star is larger than its photon sphere, but not necessarily b y v ery m uc h.

c) fundamen tal limits

Because of the uncertain t y of the equation of state it is in teresting to note that there

are lo w er limits on R =r

s

based only on the conditions of stabilit y and causalit y

([2 ], [4]). According to Buc hdahl's theorem, an y stable star m ust ha v e R =r

s

>

9 = 8 = 1 : 125. With some additional assumptions, mainly the requiremen t that the

sp eed of sound b e less than the sp eed of ligh t, Rhoades and Ru�ni found a lo w er

limit of R =r

s

> 1 : 235. In principle, therefore, one cannot rule out the existence of

ultracompact neutron stars that are smaller than their photon spheres.

3.2 Radiation from the Neutron Star Surface

Orbits of photons starting at the neutron star surface and reac hing an observ er some

distance a w a y are sho wn in �gure 4. The impact parameters of these orbits lie b et w een

b = 0 (photon emitted radially) and some maxim um v alue b

max

. F or a neutron star larger

than its photon sphere as depicted in �gure 4 the impact parameter is maxim um for a

photon emitted in tangen tial direction. F rom the condition that p

r

= 0 at r = R then

follo ws with equation (5) that b

max

= R =

p

1 � r

s

=R . F or a neutron star smaller than

its photon sphere, a photon that starts tangen tially to the stellar surface is on an orbit
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Observer

Figure 4 Orbits of photons reac hing an observ er from the neutron star surface. The dashed

line marks the photon sphere.

con�ned within the photon sphere and do es not reac h the observ er. In order for the

photon to lea v e the photon sphere its impact parameter m ust b e smaller than the critical

impact parameter. Therefore, in this case, b

max

= b

c

= 1 : 5

p

3 r

s

.

Tw o consequences of ligh t de
ection are immediately apparen t from �gure 4: enhanced

surface visibilit y and increased angular size.

Consider an observ er that is close enough to resolv e the neutron star but at the same

time man y neutron star radii a w a y: r

0

� R . Without ligh t de
ection the near side of the

neutron star is visible, the far side hidden from view. According to �gure 4, ligh t de
ection

means that photons emitted on the far side ma y also reac h the observ er, so that a larger

part of the surface is visible. Here are some �gures that illustrate the enhanced surface

visibilit y:

R =r

s

1 3 2 1 : 75 1 : 509 1 : 5

visible part

of the 50% 74% 94% 100% 200% 1

surface

F or the same observ er at an in termediate distance, the angular size of the star as

determined b y the outermost photon orbit is � = b

max

=r

0

(cf. �gure 5). As summarized

in this table

R =r

s

1 > 1 : 5 < 1 : 5

b

max

R R =

p

1 � r

s

=R b

c

= 1 : 5

p

3 r

s

� = b

max

=r

0

� = � ( R ) � = � ( M ;R ) � = � ( M )

the angular size of a star larger than its photon sphere dep ends on b oth its mass and

Observer

bmax

r0

a

Figure 5 The angular size of the neutron star, � , is determined b y the impact parameter b

max

of the outermost photon orbit b et w een the stellar surface and the observ er.
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its radius. F or a star smaller than its photon sphere, the angular size is a function of

mass only and completely indep enden t of the geometric size.

Surface visibilit y and angular size are illustrated in �gure 6 whic h sho ws �v e images

of \neutron stars" with iden tical radii R and di�eren t masses so that R =r

s

= 1 , 3, 2,

1 : 7 and 1 : 52 (after [5]). In the last case, the complete surface is visible and part of the

surface is imaged a second time in a thin circular strip at the b order of the image.

F or a source on the neutron star surface, the photon energies measured b y lo cal inertial

observ ers momen tarily at rest at the neutron star surface and at r � r

s

, resp ectiv ely , are

related b y

E

1

= E

em

p

1 � r

s

=R

(cf. section 2.2). The in tensit y c hange b et w een source and observ er is then giv en b y

I

1

= I

em

( E

1

=E

em

)

3

= I

em

p

1 � r

s

=R

3

(cf. section 1). Since the factor

p

1 � r

s

=R

3

has the same v alue for all p oin ts on the

neutron star, a uniformly brigh t star will pro duce a uniformly brigh t image.

F or a giv en neutron star radius R , an increase in r

s

mak es the image b oth larger and

fain ter. These t w o c hanges comp ensate in the sense that the observ ed photon 
ux remains

constan t: The neutron star subtends a solid angle

�
 = � �

2

= �

R

2

r

2

0

(1 � r

s

=R )

:

The observ ed photon 
ux is then

N =

I

1

�


E

1

=

I

em

E

em

�

R

2

r

2

0

indep enden t of r

s

.

3.3 Radiation from ab o v e the Neutron Star Surface

Since redshift and in tensit y c hange b et w een source and observ er dep end on the radial

co ordinate of the source, the total sp ectrum observ ed from a source extended in heigh t

is a sup erp osition of sp ectra with di�eren t redshifts and in tensit y c hanges.

F or a source ab o v e the neutron star surface, the t w o ma jor consequences of ligh t

de
ection are enhanced visibilit y (as b efore) and fo cussing.

As regards enhanced visibilit y , there is a minim um heigh t h

min

suc h that a source at

a heigh t h � h

min

ab o v e the neutron star can nev er b e eclipsed b y the star. This is

illustrated in �gure 7. F or an observ er far a w a y from the neutron star ( r

0

� R ), here are

some �gures for h

min

:

R =r

s

1 10 5 3 2 : 5 2 1 : 75

h

min

1 3 : 8 R 1 : 32 R 0 : 39 R 0 : 19 R 0 : 03 R 0

Neutron stars with R =r

s

� 1 : 75 cannot eclipse an ything at all!



10 U. Kr aus

Figure 6 Fiv e images of \neutron stars" with iden tical geometrical radii R and di�eren t

masses: R =r

s

= 1 , 3, 2, 1 : 7, and 1 : 52 (top to b ottom) (after [5 ]). Note the enhanced surface

visibilit y and the larger angular size with decreasing R =r

s

.
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Observer
hmin

r0

Figure 7 A source at a heigh t h � h

min

can nev er b e eclipsed b y the neutron star.

F o cussing is illustrated in �gure 8: A small source with isotropic emission is placed at

r = 1 : 25 R (Fig. 8a). The 
ux measured b y a distan t observ er with viewing angle � is

plotted in p olar diagrams for R =r

s

= 1 (Fig. 8b) and R =r

s

= 2 : 5 (Fig. 8c). In the former

case, the source is visible for � � �

max

= 126

�

(with the 
ux indep enden t of � ) and hidden

b ehind the star for � > �

max

. In the latter case, since h = 0 : 025 R > h

min

= 0 : 19 R , the

source is alw a ys visible. A t � � 180

�

it is not only visible but also exceedingly brigh t!

(a) q
(b) q

(c)
q

Figure 8 A small source ab o v e the neutron star (a) and the observ ed 
ux as a function of

viewing direction for R =r

s

= 1 (b) and R =r

s

= 2 : 5 (c). (Note that (b) and (c) are not to scale).
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Figure 9 Visual app earance of a small source ab o v e the neutron star as seen from di�eren t

directions. The viewing angle (de�ned to b e zero when the source is in b et w een the observ er

and the cen ter of the neutron star is 90

�

, 140

�

, 160

�

(left, top to b ottom), 170

�

, 175

�

, 180

�

(righ t, top to b ottom). The images ha v e b een computed for a neutron star with R =r

s

= 2 : 5 and

a source that is h = 0 : 25 R ab o v e the stellar surface.
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Figure 9 illustrates what the source lo oks lik e as seen from v arious directions � . Note

that at � = 140

�

the source w ould b e eclipsed if R =r

s

= 1 . With R =r

s

= 2 : 5 it is instead

sligh tly elongated. A t � = 170

�

there are t w o images of the source, pro duced b y photons

passing ab o v e and b elo w the neutron star, resp ectiv ely . As � increases, these t w o images

gro w more elongated and �nally at � = 180

�

merge in to a ring.

4 Ligh t De
ection in Accreting X-Ra y Pulsars

An accreting X-ra y pulsar is a strongly magnetized neutron star in a binary system that

accretes matter from its non-degenerate companion. According to the standard mo del,

the strong magnetic �eld (a t ypical surface �eld strength is 10

8

T ) c hannels the matter

along the magnetic �eld lines on to the magnetic p oles where it is stopp ed and its kinetic

energy con v erted to X-radiation. When the neutron star rotates, the t w o p olar X-ra y

emission regions pass through the observ er's �eld of view and therefore the X-ra y 
ux

app ears pulsed with the p erio d of rotation of the neutron star. The mo dels of the X-ra y

emission region are often classi�ed in to t w o t yp es:

i) p olar cap mo dels according to whic h the radiation is emitted from the surface of

the neutron star and ii) column mo dels where the site of X-ra y emission is the accretion

funnel just ab o v e the neutron star surface.

The signi�cance of ligh t de
ection for the understanding of the pulse shap es of X-

ra y pulsars has b een studied b y sev eral authors ([6 ], [7 ], [8 ], [9 ], [10 ], [11], [12 ], [13]).

Here, the most simpli�ed phenomenological mo dels will serv e as illustrativ e examples.

A phenomenological p olar cap mo del is sho wn in �gure 10. There is isotropic emission

from a uniformly brigh t circular p olar cap (�gure 10a). The half-op ening angle � of the

cap is usually estimated to b e quite small; w e adopt a \standard" v alue of � = 5

�

([2]).

The 
ux from this cap as measured b y a distan t observ er dep ends on the viewing angle �

as sho wn in p olar diagrams for R =r

s

= 1 , i.e., without ligh t de
ection (�gure 10b) and

R =r

s

= 2 : 4 (�gure 10c). In the former case the 
ux is maxim um for � = 0

�

when the

observ er lo oks directly on to the p olar cap and drops to zero shortly after � = 90

�

when

the cap disapp ears from view b ehind the neutron star. In the latter case, the 
ux is also

maxim um at � = 0

�

but the cap remains visible up to � = 135

�

.

The c hanges in the angular 
ux distribution are m uc h more dramatic for column

a

q
Observer

(a)
Observer(b)

q

Observer(c)

q

Figure 10 A phenomenological p olar cap mo del (a) and the observ ed 
ux as a function of

direction for R =r

s

= 1 (b) and R =r

s

= 2 : 4 (c). The p olar cap has a half-op ening angle � = 5

�

,

is uniformly brigh t, and emits radiation isotropically . (Note that (b) and (c) are not to scale).
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mo dels as illustrated in �gure 11. Here, the emission comes from the side of a truncated

radial cone (�gure 11a). In the simplest case, the surface of the cone is uniformly brigh t

and emits isotropically . The dep endence of observ ed 
ux on viewing angle � for a radial

cone with half-op ening angle � = 5

�

, truncated at r = 1 : 05 R is sho wn in p olar diagrams

for R =r

s

= 1 (�gure 11b), R =r

s

= 2 : 5 (�gure 11c), and R =r

s

= 2 (�gure 11d). Seen

from ab o v e at � = 0

�

, the 
ux is zero, b ecause the top of the truncated cone do es not

radiate. In �gure 11b and 11c the maxim um 
ux is seen sidew a ys and at high � the cone

disapp ears b ehind the neutron star. In the case of �gure 11d, ho w ev er, the heigh t of the

cone is h > h

min

, so that the source is nev er eclipsed b y the neutron star and fo cussing

pro duces a sharp increase in 
ux to w ards � = 180

�

.

Since the pulse pro�les directly re
ect the angular 
ux distribution, it is clear that for a

giv en mo del of the emission region the parameter R =r

s

pla ys a decisiv e role in determining

the pulse shap es. This is illustrated in �gure 12 for the cap mo del. A neutron star with

Observer
(a)

a

q

Obs.(b)
q

Obs.
(c) q Obs.(d)

q

Figure 11 A phenomenological column mo del (a) and the observ ed 
ux as a function of

direction for R =r

s

= 1 (b), R =r

s

= 2 : 5 (c), and R =r

s

= 2 (d). The column is a truncated radial

cone of half-op ening angle � = 5

�

with uniform and isotropic emission from the side b et w een

radial co ordinates R and 1 : 05 R . (Note that (b), (c) and (d) are not to scale).
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t w o p olar caps ( � = 5

�

) that are �

m

= 20

�

a w a y from the rotation axis is observ ed at

�

o

= 80

�

(�gure 12, top). Without ligh t de
ection ( R =r

s

= 1 , Fig. 12, left) b oth p olar

caps are visible only part of the time. Their con tributions to the pulse pro�le, lab eled F

1

and F

2

, therefore v anish during part of the pulse p erio d. The total pulse pro�le, lab eled

F

1

+ F

2

, can at nearly all phases b e attributed to either one or the other p olar cap.

A t R =r

s

= 2 : 4 (�gure 12, righ t), b oth p olar caps are alw a ys visible so that F

1

and F

2

nev er v anish. The total pulse pro�le is at all phases due to con tributions of b oth p olar

caps. The most conspicuous c hange is the dramatic reduction in mo dulation of the pulse

pro�le. This can also b e understo o d in terms of the enhanced surface visibilit y: 84%

of the neutron star surface are visible to the observ er for R =r

s

= 2 : 4. When basically

ev erything is visible all the time, then rotation of the star cannot pro duce a substan tial

amoun t of mo dulation of the 
ux.

More detailed mo delling of p olar caps and of columns will in general predict non-

uniform and non-isotropic emission. In this case, ligh t de
ection will not necessarily sup-

magnetic
axis

qm

qo

rotation
axis

observer

0.0

0.5

1.0

no
rm

al
iz

ed
 fl

ux F1

F2

F1 F2

0.0

0.5

1.0

0.0 0.5 1.0 1.5

no
rm

al
iz

ed
 fl

ux

phase

F1 + F2

0.5 1.0 1.5
phase

F1 + F2

Figure 12 Pulse pro�les predicted for t w o p olar caps (top) with the same parameters as in

�gure 10 for R =r

s

= 1 (left) and R =r

s

= 2 : 4 (righ t). The magnetic axis is �

m

= 20

�

a w a y from

the rotation axis and the direction of observ ation is �

o

= 80

�

.
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press the mo dulation, but it will certainly a�ect the predicted pulse shap e in a signi�can t

w a y .
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