
The Role of Deformation on the Stellar 
Structure of Non-Rotating Neutron Stars

Omair Zubairi 
Department of Sciences 
Wentworth Institute of Technology

Fridolin Weber 
Department of Physics 

San Diego State University

CSQCD VII 2018, New York, NY



Since the pioneering papers from Richard Tolman, Julius Oppenheimer, & 
Gregory Volkoff,

!2

Introduction

Tolman (1945) Oppenheimer (1944) Volkoff (1944)

Conventional	Formalism



rr

Since the pioneering papers from Richard Tolman, Julius Oppenheimer, & 
Gregory Volkoff,

!2

Introduction

Tolman (1945) Oppenheimer (1944) Volkoff (1944)

standard models of the stellar structure of non-rotating neutron stars 
are modeled with the assumption of perfect spherical symmetry…

Conventional	Formalism



rr

Since the pioneering papers from Richard Tolman, Julius Oppenheimer, & 
Gregory Volkoff,

!2

Introduction

Tolman (1945) Oppenheimer (1944) Volkoff (1944)

standard models of the stellar structure of non-rotating neutron stars 
are modeled with the assumption of perfect spherical symmetry…

ds2 = e2�dt2 � e2⇤dr2 � r2d✓2 � r2 sin2(✓)d�2

Spherically	Symmetric

Conventional	Formalism



rr

!3

Introduction

ds2 = e2�dt2 � e2⇤dr2 � r2d✓2 � r2 sin2(✓)d�2

Spherically	Symmetric

Conventional	Formalism



rr

!3

Introduction

ds2 = e2�dt2 � e2⇤dr2 � r2d✓2 � r2 sin2(✓)d�2

Spherically	Symmetric

Gµ
⌫⌘Rµ

⌫ � 1

2
gµ⌫ = �8⇡Tµ

⌫
<latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit><latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit><latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit><latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit>

Conventional	Formalism



rr

!3

Introduction

dP

dr
= �

"
�
1 + P

"

�
m

⇣
1 + 4⇡Pr3

m

⌘

r2
�
1� 2m

r

�

ds2 = e2�dt2 � e2⇤dr2 � r2d✓2 � r2 sin2(✓)d�2

Spherically	Symmetric

Gµ
⌫⌘Rµ

⌫ � 1

2
gµ⌫ = �8⇡Tµ

⌫
<latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit><latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit><latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit><latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit>

Conventional	Formalism



rr

!3

Introduction

dP

dr
= �

"
�
1 + P

"

�
m

⇣
1 + 4⇡Pr3

m

⌘

r2
�
1� 2m

r

�

m(r) = 4⇡

Z r

0
r02"(r0)dr0

ds2 = e2�dt2 � e2⇤dr2 � r2d✓2 � r2 sin2(✓)d�2

Spherically	Symmetric

Gµ
⌫⌘Rµ

⌫ � 1

2
gµ⌫ = �8⇡Tµ

⌫
<latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit><latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit><latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit><latexit sha1_base64="zfs5T9/i++q2vxYcy2Y0aAKHKVI="></latexit>

Conventional	Formalism



!4

Introduction

TOV Equation

The mass of a spherical shell of radius r is given by

m(r) = 4⇡

Z r

0
r02"(r0)dr0

Conventional	Formalism



!4

Introduction

TOV Equation

The mass of a spherical shell of radius r is given by

m(r) = 4⇡

Z r

0
r02"(r0)dr0

Conventional	Formalism



!4

Introduction

TOV Equation

The mass of a spherical shell of radius r is given by

m(r) = 4⇡

Z r

0
r02"(r0)dr0

Conventional	Formalism



!4

Introduction

TOV Equation

The mass of a spherical shell of radius r is given by

m(r) = 4⇡

Z r

0
r02"(r0)dr0

Conventional	Formalism



!4

Introduction

TOV Equation

The mass of a spherical shell of radius r is given by

m(r) = 4⇡

Z r

0
r02"(r0)dr0

r

R

Stellar Surface P(r=R)=0

Conventional	Formalism



!4

Introduction

TOV Equation

The mass of a spherical shell of radius r is given by

m(r) = 4⇡

Z r

0
r02"(r0)dr0

r

R

Stellar Surface P(r=R)=0

dP

dr
= �

✏
�
1 + P

✏

�
m

⇣
1 + 4⇡Pr3

m

⌘

r2
�
1� 2m

r

�TOV Eqn.:

Conventional	Formalism



!4

Introduction

TOV Equation

The mass of a spherical shell of radius r is given by

m(r) = 4⇡

Z r

0
r02"(r0)dr0

r

R

Stellar Surface P(r=R)=0

dP

dr
= �

✏
�
1 + P

✏

�
m

⇣
1 + 4⇡Pr3

m

⌘

r2
�
1� 2m

r

�TOV Eqn.:

EoS

Conventional	Formalism



!4

Introduction

TOV Equation

The mass of a spherical shell of radius r is given by

m(r) = 4⇡

Z r

0
r02"(r0)dr0

r

R

Stellar Surface P(r=R)=0

dP

dr
= �

✏
�
1 + P

✏

�
m

⇣
1 + 4⇡Pr3

m

⌘

r2
�
1� 2m

r

�TOV Eqn.:

EoS

Conventional	Formalism



!5

Introduction

David Wigley 
B.S. Computer Engineering Student 
Wentworth Institute of Technology

Conventional	Formalism



!5

Introduction

David Wigley 
B.S. Computer Engineering Student 
Wentworth Institute of Technology

Conventional	Formalism



Motivation

However, this assumption of perfect spherical symmetry may not be correct for 
certain scenarios…

!6



Motivation

However, this assumption of perfect spherical symmetry may not be correct for 
certain scenarios…
Due to high magnetic fields (~1018 G-1020 G) certain classes of neutron stars: 

Magnetars 
Neutron Stars (super-conducting quark matter cores) 

are expected to be deformed (Non-Spherical) making them oblong spheroids.

!6



Motivation

However, this assumption of perfect spherical symmetry may not be correct for 
certain scenarios…
Due to high magnetic fields (~1018 G-1020 G) certain classes of neutron stars: 

Magnetars 
Neutron Stars (super-conducting quark matter cores) 

are expected to be deformed (Non-Spherical) making them oblong spheroids.

!6



Motivation

Conventionally, the stellar structure of non-rotating neutron stars are modeled 
with the assumption that they are perfect spheres. 
Due to high magnetic fields (~1018 G) certain classes of neutron stars: 

Magnetars 
Neutron Stars (super-conducting quark matter cores) 

are expected to be deformed (Non-Spherical) making them oblong spheroids.

!7

r r

zz

r r



Motivation

Conventionally, the stellar structure of non-rotating neutron stars are modeled 
with the assumption that they are perfect spheres. 
Due to high magnetic fields (~1018 G) certain classes of neutron stars: 

Magnetars 
Neutron Stars (super-conducting quark matter cores) 

are expected to be deformed (Non-Spherical) making them oblong spheroids.

Non-Isotropic EoS

!7

r r

zz

r r



Motivation

Conventionally, the stellar structure of non-rotating neutron stars are modeled 
with the assumption that they are perfect spheres. 
Due to high magnetic fields (~1018 G) certain classes of neutron stars: 

Magnetars 
Neutron Stars (super-conducting quark matter cores) 

are expected to be deformed (Non-Spherical) making them oblong spheroids.

Non-Spherical Symmetry Non-Spherical Symmetry

Non-Isotropic EoS

!7

r r

zz

r r



Motivation

!8

David Wigley 
B.S. Computer Engineering Student 
Wentworth Institute of Technology



Motivation

!8

David Wigley 
B.S. Computer Engineering Student 
Wentworth Institute of Technology



Motivation

!9

Efrain Ferrer 
Vivian de La Incera 

have calculated an EoS for this type of model—Which finds distinct pressure gradients 
both in the radial (P||) and polar (P⏊) directions. 



Motivation

!9

Efrain Ferrer 
Vivian de La Incera 

have calculated an EoS for this type of model—Which finds distinct pressure gradients 
both in the radial (P||) and polar (P⏊) directions. 



1e+07 1e+08 1e+09
Parallel Pressure 

1e+07

1e+08

1e+09

Pe
rp

en
di

cu
al

 P
re

ss
ur

e 

B = 1016 Gauss
Pparr = Pperp

Motivation

!10Ferrer E. et al., Phys. Rev. C, 82 (2010)

Distinct	Pressure	Gradients



1e+07 1e+08 1e+09
Parallel Pressure 

1e+07

1e+08

1e+09

Pe
rp

en
di

cu
la

r P
re

ss
ur

e 

B = 1017 Gauss
Pparr = Pperp

Motivation

!11

Distinct	Pressure	Gradients

Ferrer E. et al., Phys. Rev. C, 82 (2010)



1e+07 1e+08 1e+09
Parallel Pressure 

1e+07

1e+08

1e+09

Pe
rp

en
di

cu
la

r P
re

ss
ur

e 

B = 1018 Gauss
Pparr = Pperp

Motivation

!12

Distinct	Pressure	Gradients

Ferrer E. et al., Phys. Rev. C, 82 (2010)



Motivation

!13



Motivation

!13

Hence, we will need derive stellar structure equations that will utilize this type of EoS 
model.



Motivation

!13

Hence, we will need derive stellar structure equations that will utilize this type of EoS 
model.
Goal is to obtain TOV-like equation(s) that will let us calculate stellar properties such 
as masses and radii.



Motivation

!13

Hence, we will need derive stellar structure equations that will utilize this type of EoS 
model.
Goal is to obtain TOV-like equation(s) that will let us calculate stellar properties such 
as masses and radii.
Examine if deformation makes any significant changes to mass.
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Thus the internal properties (i.e. pressure) must approach zero both in the equatorial 
(r) and polar (z) directions…
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Parameterization

We start with the Weyl (Weyl H. 1918) metric in non-spherical coordinates given by:

and: k1 =
p

r2 + (z �m)2 , k2 =
p

r2 + (z +m)2

where:

e2� =


k1 + k2 � 2m

k1 + k2 + 2m

��
, e2⇤ =


(k1 + k2 + 2m) (k1 + k2 � 2m)

4k1k2

��2

ds2 = e2�dt2 � e�2�
⇥
e2⇤

�
dr2 + dz2

�
+ r2d�2

⇤

Metric functions: � = �(r, z), ⇤ = ⇤(r, z)
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Parameterization

We start with the Weyl (Weyl H. 1918) metric in non-spherical coordinates given by:

and: k1 =
p

r2 + (z �m)2 , k2 =
p

r2 + (z +m)2

In the case for γ =1, we obtain the metric for a spherically symmetric object and will have 
the form (Esposito  & Witten 1975, Herrera et al. 1999):

ds2 = Adt2 �A�1
⇥
Bdr2 + Cd✓2 +

�
r2 � 2mr

�
sin2(✓)d�2

⇤

where:

e2� =


k1 + k2 � 2m

k1 + k2 + 2m

��
, e2⇤ =


(k1 + k2 + 2m) (k1 + k2 � 2m)

4k1k2

��2

ds2 = e2�dt2 � e�2�
⇥
e2⇤

�
dr2 + dz2

�
+ r2d�2

⇤

Metric functions: � = �(r, z), ⇤ = ⇤(r, z)
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Parameterization

Where the terms:
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Parameterization

Where the terms:
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Parameterization

Where the terms:
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Using the parameterized metric, we make an anzats for a metric that will take the 
form1,2
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Parameterization
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Using the parameterized metric, we make an anzats for a metric that will take the 
form1,2

ds2 = e2�dt2 �
✓
1 +

2m(r)

r

◆��

dr2 � r2d✓2 � r2 sin2(✓)d�2
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Einstein’s	Field	Equations

ds2 = e2�dt2 �
✓
1 +

2m(r)

r

◆��

dr2 � r2d✓2 � r2 sin2(✓)d�2

Use	together

Gµ
⌫⌘Rµ

⌫ � 1

2
gµ⌫ = �8⇡Tµ

⌫
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Gt
t⌘ Rt

t �
1

2
R = �T t

t ,

Gr
r⌘ Rr

r �
1

2
R = �T r

r ,

G✓
✓⌘ R✓

✓ �
1

2
R = �T ✓

✓ ,

G�
�⌘ R�

� � 1

2
R = �T�

�

Tµ
⌫ = (✏+ P )uµ u⌫ + gµ⌫ P ,
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Einstein’s	Field	Equations

ds2 = e2�dt2 �
✓
1 +

2m(r)

r

◆��

dr2 � r2d✓2 � r2 sin2(✓)d�2

Use	together

Will have to recalculate Ricci tensor & the Ricci scalar…

Gµ
⌫⌘Rµ

⌫ � 1

2
gµ⌫ = �8⇡Tµ

⌫
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Einstein’s	Field	Equations

The non-vanishing Christoffel symbols are calculated to be:

�a
µ⌫ =

1

2
gab

✓
@gbµ
@x⌫

+
@gb⌫
@xµ

� @gµ⌫
@xb

◆
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Einstein’s	Field	Equations

The non-vanishing Christoffel symbols are calculated to be:

�r
tt = � e2�(r)�0(r) ,�t

tr = �0(r) ,

�r
rr =

� [�m0(r)r +m(r)]

r[�r + 2m(r)]
,�✓

r✓ = ��
r� =

1

r
,

�r
✓✓ = �� r ,��

�� = cot(✓) ,

�r
�� = �� r sin2(✓) ,�✓

✓✓ = � sin(✓) cos(✓) ,
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Einstein’s	Field	Equations

The non-vanishing Christoffel symbols are calculated to be:

where the primes denote derivatives with respect to the radial coordinate, r, and 

�⌘
✓
r � 2m(r)

r

◆�
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Ricci	Scalar:
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Ricci	Tensor	Components
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Gt
t⌘ Rt
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2
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1

2
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r ,
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✓ �
1

2
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2
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�

Substitute	Ricci	tensor	components	&	
Ricci	Scalar	into	the	9ield	equations:

And	Solve!!
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ModiDied	Hydrostatics

The stellar structure equation is derived to be1,2:

dP

dr
= �(✏+ P )

⇥
1
2r + 4⇡r3P � 1

2r
�
1� 2m

r

��⇤

r2
�
1� 2m

r

��

✏ = Energy Density, P = Pressure, m = mass, r = radial distance

� = Deformation Constant

[1] O. Zubairi, A. Romero, and F. Weber, J. Phys. Conf.: Ser. 615, 012003 (2015) 
[2] O. Zubairi et al, Arxiv:1504-03006v1, (2015)

Total	Mass	of	our	mass	distribution	is:
where	r	is	de9ined	to	be	when

M = m(r)

P (r = R) = 0
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The stellar structure equation is derived to be1,2:
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✏ = Energy Density, P = Pressure, m = mass, r = radial distance

� = Deformation Constant

[1] O. Zubairi, A. Romero, and F. Weber, J. Phys. Conf.: Ser. 615, 012003 (2015) 
[2] O. Zubairi et al, Arxiv:1504-03006v1, (2015)

Total	Mass	of	our	mass	distribution	is:
where	r	is	de9ined	to	be	when

M = m(r)

P (r = R) = 0 M = �m
Herrera	L.	et	al	1999

Still	need	take	Polar	direction	into	account	
&	parameterize.
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dm

dr
= 4✏⇡r2�

z = �r V =
4

3
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Volume of sphere: Parameterize z-component:

Total Mass
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Stellar Structure
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Stellar Structure

• Mass & Structure Equations are both parameterized in terms of γ.
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Stellar Structure

• Mass & Structure Equations are both parameterized in terms of γ.
• Can use an EoS in this limiting case of isotropy for initial calculations.
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Stellar Structure

• Mass & Structure Equations are both parameterized in terms of γ.
• Can use an EoS in this limiting case of isotropy for initial calculations.
• However, we must also impose (Paret, Horvath, & Martinez, 2014)

P (z = Z) = 0
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• Mass & Structure Equations are both parameterized in terms of γ.
• Can use an EoS in this limiting case of isotropy for initial calculations.
• However, we must also impose (Paret, Horvath, & Martinez, 2014)

P (z = Z) = 0
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P (r = R) = 0
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Gravitational Redshift

A. Romero (SDSU 2015)
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The gravitational redshift of 
deformed compact stars is 
governed by1,2:

z =
1

�
1� 2M

R

��/2 � 1

[1] O. Zubairi, A. Romero, and F. Weber, J. Phys. Conf.: Ser. 615, 012003 (2015) 
[2] O. Zubairi et al, Arxiv:1504-03006v1, (2015)
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So	Far…

In this work: 
Using our 1-D parameterized model, we were able to calculate the gravitational 
mass-quadrupole moment of non-rotating neutron stars. 
Investigate the inhomogeneity of the mass distribution in oblate and prolate stars. 

From our results: 
The mass distribution is not symmetric among oblate and prolate stars. 
Hence, the deformation does not need to be high to see significant changes in 
stellar properties such as mass, radii, redshift, and quadrupole moment. 

Requires a more detailed description in 2-Dimensions…
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In this work: 
Using our 1-D parameterized model, we were able to calculate the gravitational 
mass-quadrupole moment of non-rotating neutron stars. 
Investigate the inhomogeneity of the mass distribution in oblate and prolate stars. 

From our results: 
The mass distribution is not symmetric among oblate and prolate stars. 
Hence, the deformation does not need to be high to see significant changes in 
stellar properties such as mass, radii, redshift, and quadrupole moment. 

Requires a more detailed description in 2-Dimensions…

Use in conjunction with a 
 NON ISOTROPIC EoS

2-D Stellar Structure

dPk

dr
= · · ·

dmk

dr
= · · ·

dP?
dz

= · · · dm?
dz

= · · ·
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Stellar	Structure	in	2D

We need to look at the symmetry again…

Axial Symmetric

Prolate spheroid with 
radii r & z

Oblate spheroid with 
radii r & z
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r r

z z
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z

r r

ds2 = e2�dt2 � e�2�
⇥
e2⇤

�
dr2 + dz2

�
+ r2d�2

⇤
Weyl (Weyl H. 1918) Metric
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Stellar	Structure	in	2D

Need to calculate…

ds2 = e2�(r,z)dt2 � e�2�(r,z)
h
e2⌫(r,z)

�
dr2 + dz2

�
+ r2d�2

i
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Stellar	Structure	in	2D

Need to calculate…

Start with the Einstein Tensor

Gµ
⌫⌘ Rµ
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ds2 = e2�(r,z)dt2 � e�2�(r,z)
h
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�
dr2 + dz2
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Stellar	Structure	in	2D

Need to calculate…

Start with the Einstein Tensor
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And equate to the  
Energy-Momentum Tensor

T t
t = ✏

T r
r = Pk

T z
r = P̃

T r
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T z
z = P?

T�
� = P̃
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Herrera et al,  arXiv:1301.2424 [gr-qc], 2013 & Negreiros et al, Universe, 2018

Herrera (2013) calculated these components as well (&Negreiros 2018) and 
stated:
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Herrera et al,  arXiv:1301.2424 [gr-qc], 2013 & Negreiros et al, Universe, 2018

Herrera (2013) calculated these components as well (&Negreiros 2018) and 
stated:
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Einstein’s		Field	Equations

Since the mathematical form of the Weyl metric, is axial symmetric…
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Einstein’s		Field	Equations

Since the mathematical form of the Weyl metric, is axial symmetric…

there will be off-diagonal terms such that T r
z = T z

r 6= 0
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Einstein’s		Field	Equations

Since the mathematical form of the Weyl metric, is axial symmetric…

there will be off-diagonal terms such that T r
z = T z

r 6= 0
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Due to cylindrical symmetry, we need to consider the mass in both the radial and polar 
directions.

Stellar Structure in 2D
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Due to cylindrical symmetry, we need to consider the mass in both the radial and polar 
directions.
We define two differential masses…
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Stellar Structure in 2D

Thus, with our differential masses:

@rm(r, z) = 2⇡rz✏(r, z) ,

@zm(r, z) = ⇡r2✏(r, z) .
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Stellar Structure in 2D

Thus, with our differential masses:

@rm(r, z) = 2⇡rz✏(r, z) ,

@zm(r, z) = ⇡r2✏(r, z) .
<latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit>

Along with Einstein’s field equations, we obtain

@rm(r, z) =
rz

4
Gt

t .
<latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit>
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Stellar Structure in 2D

Thus, with our differential masses:

@rm(r, z) = 2⇡rz✏(r, z) ,

@zm(r, z) = ⇡r2✏(r, z) .
<latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit>

Along with Einstein’s field equations, we obtain

@rm(r, z) =
rz

4
Gt

t .
<latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit>

Z r

0
(@rm(r, z)) dr = �

Z r

0
@r

�
e�2⌫+2� z (@r�) (@r⌫ � @r�)

�
dr .

<latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit><latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit><latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit><latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit>

leading to:
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Stellar Structure in 2D

Thus, with our differential masses:

@rm(r, z) = 2⇡rz✏(r, z) ,

@zm(r, z) = ⇡r2✏(r, z) .
<latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit>

Along with Einstein’s field equations, we obtain

@rm(r, z) =
rz

4
Gt

t .
<latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit>

Z r

0
(@rm(r, z)) dr = �

Z r

0
@r

�
e�2⌫+2� z (@r�) (@r⌫ � @r�)

�
dr .

<latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit><latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit><latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit><latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit>

leading to:
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Stellar Structure in 2D

Thus, with our differential masses:

@rm(r, z) = 2⇡rz✏(r, z) ,

@zm(r, z) = ⇡r2✏(r, z) .
<latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit><latexit sha1_base64="JeGlVMU49zAQJih5RUNy4+N5bJ4="></latexit>

Along with Einstein’s field equations, we obtain

@rm(r, z) =
rz

4
Gt

t .
<latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit><latexit sha1_base64="ucrvHkG7HGe6fLUxUdOtmTCCIRg=">AAACG3icbVBNS8NAEN34bfyqevSyWIQKpSSloBdB9KBHBWsLTQ2b7aZduvlgdyK0If4OL/4VLx4U8SR48N+4aXvQ1gcDj/dmmJnnxYIrsKxvY25+YXFpeWXVXFvf2NwqbO/cqiiRlNVpJCLZ9IhigoesDhwEa8aSkcATrOH1z3O/cc+k4lF4A4OYtQPSDbnPKQEtuYWqExMJnAhX4qAky8NDfIIdXxKaymGW1rKLuxQyN32ADDtlXDFN0y0UrYo1Ap4l9oQU0QRXbuHT6UQ0CVgIVBClWrYVQzvN91LBMtNJFIsJ7ZMua2kakoCpdjr6LcMHWulgP5K6QsAj9fdESgKlBoGnOwMCPTXt5eJ/XisB/7id8jBOgIV0vMhPBIYI50HhDpeMghhoQqjk+lZMe0QHAzrOPAR7+uVZclut2FbFvq4VT88mcaygPbSPSshGR+gUXaIrVEcUPaJn9IrejCfjxXg3Psatc8ZkZhf9gfH1A0utn6I=</latexit>

Z r

0
(@rm(r, z)) dr = �

Z r

0
@r

�
e�2⌫+2� z (@r�) (@r⌫ � @r�)

�
dr .

<latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit><latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit><latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit><latexit sha1_base64="9vzNAysS84c9JHQGG17bu7FCdqk="></latexit>

leading to:

The r term vanishes!!!
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Thus, with our differential masses:

@rm(r, z) = 2⇡rz✏(r, z) ,
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leading to:

The r term vanishes!!!
Thus, we have lost all the 
information about the radial 
coordinate…
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leading to:

The r term vanishes!!!
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information about the radial 
coordinate…
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Stellar Structure in 2D

Starting with our γ-TOV…

dP

dr
= �(✏+ P )

⇥
1
2r + 4⇡r3P � 1

2r
�
1� 2m

r

��⇤

r2
�
1� 2m

r

��

along with our parameterization:  z=γr, we can apply a transformation…
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Starting with our γ-TOV…

dP

dr
= �(✏+ P )

⇥
1
2r + 4⇡r3P � 1

2r
�
1� 2m

r

��⇤

r2
�
1� 2m

r

��

along with our parameterization:  z=γr, we can apply a transformation…

Our step dr is small (on the order of meters) � =
dz

dr
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Where the mass is given by:

dm

dr
= 2⇡rz✏
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dz
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Where the mass is given by:

dm

dr
= 2⇡rz✏

dm

dz
= ⇡r2✏

If we integrate then add…

mtotal(r, z) = 2⇡r2z✏

= 2m(r, z)
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Where the mass is given by:

dm

dr
= 2⇡rz✏

dm

dz
= ⇡r2✏

If we integrate then add…

mtotal(r, z) = 2⇡r2z✏

= 2m(r, z)

However, this does not correctly define the 
 total gravitational mass of an oblong spheroid…

M(r, z) =
4

3
⇡r2z✏
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M(r, z) = 2⇡rz✏+ ⇡r2✏� 1
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We need to break up the mass equally to take the mass in the equatorial and polar 
directions separately but that are confined in a total gravitational mass given by:

2-D	Stellar	Structure3,4

[3] O. Zubairi, and F. Weber, J. Phys. Conf.: Ser. 845, 012005 (2017) 
[4] O. Zubairi, D. Wigley, and F. Weber, Int. J. Mod. Phys. Conf. Ser. 45, 1760029 (2017)
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We need to break up the mass equally to take the mass in the equatorial and polar 
directions separately but that are confined in a total gravitational mass given by:

2-D	Stellar	Structure3,4

Pk(r = R) = 0

P?(z = Z) = 0
γ=1

[3] O. Zubairi, and F. Weber, J. Phys. Conf.: Ser. 845, 012005 (2017) 
[4] O. Zubairi, D. Wigley, and F. Weber, Int. J. Mod. Phys. Conf. Ser. 45, 1760029 (2017)
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We need to break up the mass equally to take the mass in the equatorial and polar 
directions separately but that are confined in a total gravitational mass given by:

2-D	Stellar	Structure3,4

Pk(r = R) = 0

P?(z = Z) = 0
γ=1 The deformation is completely dictated by the 

anisotropies in the EoS…

[3] O. Zubairi, and F. Weber, J. Phys. Conf.: Ser. 845, 012005 (2017) 
[4] O. Zubairi, D. Wigley, and F. Weber, Int. J. Mod. Phys. Conf. Ser. 45, 1760029 (2017)
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Anisotropic	Eos	Model3

Quark-Hadron (Model III)

[3] O. Zubairi, and F. Weber, J. Phys. Conf.: Ser. 845, 012005 (2017)
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Anisotropic	Eos	Model3

[3] O. Zubairi, and F. Weber, J. Phys. Conf.: Ser. 845, 012005 (2017)

TOV Equation
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Anisotropic	Eos	Model3

[3] O. Zubairi, and F. Weber, J. Phys. Conf.: Ser. 845, 012005 (2017)

TOV Equation
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TOV Equation

In contrast to traditional numerical models, our two dimensional models will require 
other strategies…
We can not simply have mass-radius relations—as they will not give us any information 
on the deformation.
We will have to look at the internal properties—such as pressure profiles both in the 
equatorial and polar directions.
From the non-isotropic EoS, we can then investigate the change in mass.
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Results—2D	Model

Mass (M☉) R (km) Z (km) Quadrupole 
Moment

Shape

2.57 17.92 15.77 1.1231 Oblate

2.46 17.21 15.83 0.7026 Oblate

2.36 16.73 16.06 0.3301 Oblate

2.26 16.51 16.51 0 Sphere

2.16 16.00 16.67 -0.2993 Prolate

2.05 15.39 16.73 -0.5673 Prolate

1.94 14.80 16.82 -0.8065 Prolate



!66

Conclusions

In this work: 
Using our 1-D parameterized model and our 2-D model, we were able to calculate 
the gravitational mass-quadrupole moment of non-rotating neutron stars. 
Investigate the inhomogeneity of the mass distribution in oblate and prolate stars. 

From our results: 
The mass distribution is not symmetric among oblate and prolate stars. 
Thus, these deformed objects are distinct and are NOT the same. 
From the stellar properties such as masses, radii, pressure and energy-density 
profiles, gravitational redshift, and quadrupole moment, we see that 
deformation plays a pivotal role in the stellar structure in of these compact 
objects… 
Hence, the deformation does not need to be high to see significant changes in said 
stellar properties. 

Continue this work by analyzing the Weyl metric in greater detail (i.e. perturbations) 
Which will (hopefully) allow unique solutions to axially symmetric geometries for 
stellar configurations.



!67

Acknowledgments

Calculations were performed on Dept. of Sciences high performing computer “Arioch”, 
additional computing resources were provided by Wentworth Institute of Technology.

Student Involvement:

Deanna Kondek (2017-Present—WIT) 
Megi Baliko (2017-Present—WIT) 
Wei Liang (2017-Present—WIT) 
Ryan Maresca (2017-Present—WIT) 
Greg Shao (Summer 2017–WIT) 
David Wigley (2016-Present—WIT) 
Temour Raza (2016-Present—WIT) 
Scott Moir (Spring 2017—WIT) 
Alexis Romero (2014-2015–SDSU)

Thank	You!


