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Abstract

Based on the physical metric proposed by the author, temperature distribution for compact ob-
jects, neutron stars and black holes, has been explained. Outside the extended horizon, the tem-
perature is positive and approaches infinity at the extended horizon boundary. Inside the ex-
tended horizon, the temperature is negative which implies higher temperature than outside the
horizon. This outcome is the result of the repulsive nature of gravity inside the extended horizon
in the author’s physical metric. Overall, the physical metric explains temperature structure of
compact objects more completely than the Schwarzschild metric, and is supported by the emerg-
ing evidence of X-ray data collected from neutron stars and black holes (AGN).
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1. Introduction

The physical metric has been introduced by the author [1] [2] as the metric in general relativity which fits all the
experimental data, in particular, time delay experiments of Shapiro ef al. [3] [4]. It is a metric in which the speed
of light on the spherical direction is unchanged from that in vacuum. Since the spherical direction is perpendi-
cular to the radial direction of gravity, it is remarkable that the invariance of the speed of light in the spherical
direction from the vacuum value is required for reconciling with the experimental data. In other words, such a
natural condition is set up on the basis of general relativity. It will be shown that the physical metric requires a
dramatic change in the way that we understand gravity for compact objects. In Section 2, the physical metric is
reviewed. The temperature distribution has been described for non-rotating system in Section 3. This is extended
to rotating system in Section 4. This introduces a high temperature environment for compact objects. The
observational evidence for both neutron stars and black holes are emerging and they are discussed in Section 5.
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Section 6 presents the author’s summary and discussion.

2. The Physical Metric and the Extended Horizon
In the spherical symmetric and static (SSS) metric of general relativity,

ds’ =e"de* —*dr? — ) (d0° +sin” 0dg ), )
the physical metric is defined as

e =) = g, 2)

In other words, the speed of light in the spherical direction that is perpendicular to the radial direction of
gravity is unchanged from the vacuum value. It is remarkable that such a condition is required to fit the experi-
mental data for general relativity test. In the original formulation of Schwarzschild metric [5], he proceeded to
require that the determinant of modification of the metric to be unity,

ev(r)+ﬂ,(r)+2y(r) =1. (3)
In order to get the physical metric, one has to get the Schwarzschild metric after the coordinate transformation
r'=ro", 4)

which implies that

v(r) _ fs  _auln) _
e/ =1-——=e"" =, 5
ro'? %)
where
2GM

L= (6)

52—
; " (1-w). @)

rfr, 2 ==, ®)

and we restrict the range of @ to be

w>—. 9
3 )
From Equation (7), one gets
20(1-
do _20(1-0) (10)
dr r(3w-1)

and

r d 1/2 ’ 2(0 ’
0= & )] /Q,:(m) | (an

In order to extend the solution for the physical metric beyond Equation (8), one uses the non-asymptotic
solution,

e = 1(1 +ﬂj e =g (12)

1/2
7‘0)/

for



Y. Tomozawa

33

rlr, <——. 13
/r<= (13)
Then one gets
D
== 0 (4w-1). (14)
r
The continuity of Equation (7) and Equation (14) at the boundary yields
A=2D+3. (15)

Differentiating Equation (14), one gets

do _Zw(Aa)—l)

—_— = 16
dr r(3Aa)— 1) (16)
Then one gets

Ar d 1/2 ’ 2 ’
e():(dr(m}/ )j /Aa):A(3A5_lj 17

Choosing the parameter space in Equation (15)

A>3 and D >0, (18)

all metric functions are positive definite. With the choice of these parameter ranges, the speed of light are well

defined throughout all the space time points. This is very different from the Schwarzschild metric. It is remark-
able that only such a natural metric fits the experimental data, as was stated earlier.

Figure 1 describes the metric function, @ = g, (r), for the whole region of r.
The distance » can be reached at zero when @ reaches oo, as

2/3
= (%j (19)

One may note that there is an undecided one parameter which can be fixed from the physics inside the dis-
tance at
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Figure 1. The metric function, g, (r) (y-axis), as a func-

tion of r/r, (x-axis) in the SSS physical metric.
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r=R =Tr; =26OI"Y (20)
At r=R,
1
w =— 21
3 @2y
and from Equation (10)
do
—:CD’ 22
dr @)

and hence r =R is called the extended horizon and defines the size of compact objects. This defines the size of
neutron stars as well as black holes. In fact, the size of a neutron star of mass, 1.4M, is very close to the
extended horizon

R=2.60r, =10.9 km. (23)

From Figure 1, as well as from Equation (10) and Equation (16), one can see that the gravity outside/inside
the extended horizon is attractive/repulsive or the derivative of g, (r) is positive/negative. This is an impor-
tant relevance to the temperature structure of compact objects, as will be seen from the following sections.

3. Temperature Distribution for Non-Rotating Compact Objects

The temperature of compact objects can be calculated as the extension of the Hawking temperature

ho1dgy(r) n o(l-o)
kT = =
2nc 2 dr 2nc r(3a)—l)

(24)

for the outside of the extended horizon. This has the same structure as the Hawking temperature, since it is
inversely proportional to the distance. The only difference is that the coefficient becomes infinitely large for
®=1/3 or at the extended horizon. In order to see the variation of the temperature as a function of the distance
from the extended horizon, one expands » and @ as

r=R (1 + a) (25)
and
w=%@+ﬁ% 26)
where
a<l (27)
and
B<1. (28)
Using Equation (7), one gets
a=2p, 29)
8
and the expansion of Equation (24) yields
o2
sl =5———> (30)
2nc ORS
For
B—0 (31)
and then
a—0, (32)
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the temperature becoms infinitely large towards the extended horizon.
Using the conversion formula (for aA=c=1)
E(kev) =220 (33)

A(A)

the 1 keV temperature corresponds to

A(A)=1240 A, (34)
then the location of 1 keV is
9TRB =12.40x10"* cm. (35)
Then, for the value of Equation (23), one gets
L =4.02x10", (36)
or
a=6.06x10"*, 37
and hence
Sr=aR=6.61x10" cm. (38)

This small value of the high temperature thickness makes the observation from this thin layer very unlikely,
even by using high density of neutron star (~10°’ neutrons/cm’).
Inside the extended horizon, the expression for the temperature becomes

ho1dgy(r) h o(Ao-1)

kol = mc2 dr | 2w r(340-1) (39)
where Equation (16) has been used. Since
A>3, (40)
and
> l, (41)
3

the temperature in Equation (39) is negative definite. In other words, the temperature inside the extended
horizon is negative. A negative temperature is a temperature higher than any positive temperature, since high
energy states are more abundant than lower energy states [6]. Notice that the Boltzman statistcal factor, e “/*"
is larger for higher energy than that for lower energy for a negative temperature.

The matter inside the extended horizon is in a higher temperature environment. However any phenomena in a
deep inside region is not exposed to outside observers. However the matter near the extended horizon is subject
to an oscillation between the attractive force outside the extended horizon and the repulsive force inside the
extended horizon. One notices that the outside layer is thin, since the attractive force at the extended horizon is
infinitely large. Any phenomena of the oscillating matter through the extended horizon is subject to the
observation of the outside observers. The X-ray emission from highly ionized atoms of a neutron density in 1 cm
thickness can be observed from the edge of the Milky Way.

For AGN or massive black holes with higher mass, the density is reduced by 1/M°, but the surface area is
increased by M*. Hence the number of events are independent on mass. Only the difference is the distance to the
events from the observers on the Earth. So the events from the nearer AGN are more likely observable. Of
course, the radiation of lower frequency can be more observable, since the depth of the radiation is increased
with the wave length. The recent report [7] of the most luminous galaxy observed by WISE at z > 3 might be
related with high temperature nature of AGN in this section.

4. Temperature Distribution of Rotating Compact Objects

The metric for a mass with rotation is expressed as [8]
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ds® = gttdt2 Jrg,,rdr2 + g@ng’2 + gwd¢2 +2g,,didg, (42)

where the metric functions, g, , is constructed from the Boyer-Lindquist representation of the Kerr metric by
the coordinate transformation,

r—r =ro", (43)
in order to accommodate to the physical metric in the limit of no rotation. For the asymptotic region
rfr, 23\3/2, and ©>1/3, (44)
or outside of the extended horizon, one gets

2 1/2 2 2
rro-rro'’ +a* cos’ 0
& =

45
2w+ a*cos’ 0 45)

2 2 2 2
o, :_M(i(mvz )) , (46)

ro-rro” +a* \ or
o = —(r2a1+a2 cos’ 9), 47)
((r2a)+a2)2 —-a’ (rza)—r_yra)l/2 +az)sin2 t9)sin2 0
o= r*o+a’ cos’ ’ %)
and
(rsra)l/z)asin2 0
S @

where a is the angular momentum per mass. Here, @ was introduced in the discussion of the physical metric,

rfr=0"(1-v), (50)
in Equation (18). In the limit of
a=0, (51
these metric functions coincide with the physical metric in Section 2.
In order to find the gravitational force implied by this Kerr metric, let us compute a‘g—;’o ,

gy _ 08, _ rrte’? —(rsa)l/ch cos’ 9) rrro'? —(rxra)’l/za2 cos’ 9)6_@ 52)
or or (r2w+ a* cos’ 6’)2 2(r2a)+ a* cos’ 6’)2 or
Here
6_60_ 2(0(1—60) (53)
o r(3m-1)

becomes positive infinity at the extended horizon. For a uniform distribution of the density, p,, and uniform
rotation speed, ), one gets

4np, R’

M =4np, IOerdr = (54)

and

3R’Q

1 R
a :M4np0_[0 r2Qridr = (55)

Using
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c
Q. =2nf =— 56
e =27, z (56)
and
Q=2nf, (57)
one gets
a :3—R L . (58)
5\
For M =1.4M_, using Equation (23) and Equation (56) one gets
c
=——=4380 Hz, 59
o=y (59)
or
£7'=0.23 ms. (60)
Notice that the fastest rotation observed [9] of neutron star is 716 Hz for PSR J1748-2446 and the effect of the
rotation of neutron stars are limitted by
2
(i] =0.027. (61)
S
Expanding all quantities in this section for a small value of a and making the angular averages
cos’ 0=+ (62)
3
and
. 2 2
sin“ @ ==, (63)
3
or more generally
1
cos™ @ =——, 64
2n+1 ©4)
one gets
3R (1-@)( £
=o|1+————=| —| |, 65
8 [ 25/ | f. (65)
20 V[ 33-0)R( 1Y
g, =—| | [1-2 2| L |, (66)
3w-1 25r°w /.
3R (1Y
=—ro| 1+ — 67
Boo 25r%w\ f, 7
2, [ 36R*(1-@)( 1Y
gy =—Zro|l+——5——=| | (68)
3 1257w\ f.
For Equation (52), using the expansion, Equation (25) and Equation (26), one can get
2
0,
G, _ 4 2N (69)
or  9RpB 25\ f.
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which reproduces the temperature structure of non-rotating compact objects for outside the extended horizon,
with small variation of the rotation effects.

For the temperature structure inside the extended horizon, one may use the Kerr metric for the internal
solution of the physical metric,

2 sin’* @

ds? = %(dl—asinz odg) - (Po+a?)dgadi)

2 70
2 [d(re”) 7o
-—— dr’ - p*dé&*,
A dr
where
p’ =r*o+a*cos’ 6, (7D)
and
A=r'o+Drro" +d. (72)

The coordinate transformation to the physical netric inside the extended horizon defines
Dr;
,

=w'? (Aw-1), (73)

as in Equation (14), and the continuity of the g, metric requires

A=2D+3, (74)
with constraints
D>0, A>3 (75)
for positive definite metric functions.
From Equation (70) one gets
_Fo+Drro’ +d’ a’sin® @ (76)

= ) 2 2"
A(r2w+azcos20) ro+a’ cos’ 0

The expansion in a parameter a gives

a’ (2 o 1
=) l-—— | 2+ = —— 77
Eu ( Po*\3 3 4 7

:wﬂl_%m_z)@j ] o
257" w A)\ f.

Near the surface of the extended horizon, the @ term dominates, so the temperature structure is determined
by non-rotating behavior, and it is a negative temperature. Therefore, high temperature behavior of compact
objects near the extended horizon persists and should be observable, as long as

[iJ <. (79)

This constraint is well satisfied for all the observed neutron stars, as is seen from Equation (61).
If one may replaces g, by [10]

8 =8t 2g;¢Q + g¢¢Qz (80)

in Equation (52), one gets the same expressions for Equation (69) and Equation (78) with different coefficients
for the (f/f. )2 term. Then, one can reach the same conclusion for the temperature structure of rotating

compact objects.
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In conclusion, the temperature structure for rotating compact objects near the extended horizon is the same as
those for non-rotating compact objects, as long as the condition of Equation (79) is satisfied. Namely, the
temperature outside the extended horizon is positive approaching infinitely large value at the extended horizon,
and the temperature inside the extended horizon is negative in the neighborhood of the extended horizon.

5. Observation of High Temperature Signature from Compact Objects

The active observation of X-ray spectra from compact objects is going on using X-ray satellites. Many emission
lines in the range of 10 - 30 A ngstrom indicate the presence of multiplly ionized atoms [11] on the surface on
neutron stars. From AGN in the range of z < 0.441, one observed a distinguished X-ray peak [12] at 4 - 6 keV.
Using the physical metric for compact objects, the author identified [13] the peak as that of Ni XXVIII. More
recently, the most luminous galaxies are discovered by WISE [7].

These are the indication of high temperature nature of the surface of compact objects. Since the physical
metric suggests a definite value of gravitational redshift on the surface of the extended horizon of the compact
objects, a consistent description of gravitational redshift will be tested in the future.

6. Summary

From the introduction of the physical metric, one encounters a revolutionary change in the feature of compact
objects, black holes and neutron stars. The extended horizon, 2.60 times of that of the Schwarzschild radius, is
the size of compact objects. The gravitational red shift on the surface of compact objects is the universal value
of z=3-1=0.732 except for the rotation of critical frequency. This universal prediction is valid for any
mass and any species, black holes or neutron stars. In this article, the temperature structure implied by the
physical metric is explored. Temperature outside the extended horizon can reach infinitely high at the extended
horizon, while temperature inside the extended horizon is negative, higher than any positive temperature. This
characteristic persists near the extended horizon as long as the effect of the rotation is limited as are satistfied for
all observed neutron stars.
It is a great pleasure to thank Peter K. Tomozawa for reading the manuscript.
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