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✤  It has been show
n that relativistic stars m

ay becom
e unstable due to quantum

 
effects: T

he vacuum
 aw

aking effect [W
. Lim

a, D
. Vanzella, Phys. R

ev. Lett. 104, 
161102 (2010), W

. Lim
a, G

. M
atsas, D

. Vanzella, Phys. R
ev. Lett. 105, 151102 (2010), 

W
. Lim

a, R
. M

endes, G
. M

atsas, D
. Vanzella, Phys. R

ev. D
 87, 104039 (2013)] 



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

⌃
t
1

ds
2
=

�
dt 2

+
d
x

2



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

⌃
t
1

ds
2
=

�
dt 2

+
d
x

2

⌃
t
2

ds
2
=

�
f
(dt 2�

d�
2)

+
r
2(d✓

2
+
sin

2
✓
d'

2)



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

(�
r

a r
a
+

⇠R
)�

=
0

⌃
t
1

ds
2
=

�
dt 2

+
d
x

2

⌃
t
2

ds
2
=

�
f
(dt 2�

d�
2)

+
r
2(d✓

2
+
sin

2
✓
d'

2)



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

(�
r

a r
a
+

⇠R
)�

=
0

⌃
t
1

ds
2
=

�
dt 2

+
d
x

2

⌃
t
2

ds
2
=

�
f
(dt 2�

d�
2)

+
r
2(d✓

2
+
sin

2
✓
d'

2)

|0
in i



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

h�̂
2i

in ⇠

e
2
⌦̄
t

2⌦̄

✓
F̄
(
x
)

f
in
t (
x
) ◆

2

[1
+

O
(e �

✏t)]

(�
r

a r
a
+

⇠R
)�

=
0

⌃
t
1

ds
2
=

�
dt 2

+
d
x

2

⌃
t
2

ds
2
=

�
f
(dt 2�

d�
2)

+
r
2(d✓

2
+
sin

2
✓
d'

2)

|0
in i



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

h�̂
2i

in ⇠

e
2
⌦̄
t

2⌦̄

✓
F̄
(
x
)

f
in
t (
x
) ◆

2

[1
+

O
(e �

✏t)]

(�
r

a r
a
+

⇠R
)�

=
0

h⇢̂i
in ⇠


⌦̄
e
2
⌦̄
t

16⇡ p
f

(
1�

4⇠

2r
2

dd�

 
r
2
dd�

✓
F
⌦̄
0

⌦̄
r

◆
2 !

+
⇠

⌦̄
2r

2

dd�

✓
F
⌦̄
0
2

f

dfd�

◆
)
[1
+

O
(e �

✏t)].

⌃
t
1

ds
2
=

�
dt 2

+
d
x

2

⌃
t
2

ds
2
=

�
f
(dt 2�

d�
2)

+
r
2(d✓

2
+
sin

2
✓
d'

2)

|0
in i



V
a
c
u

u
m

 d
o

m
in

a
n

c
e



V
a
c
u

u
m

 d
o

m
in

a
n

c
e

✤
Vacuum

 energy density



V
a
c
u

u
m

 d
o

m
in

a
n

c
e

✤
Vacuum

 energy density

⇢
v⇢
⇠

✓
`
pR

◆
2⇥

e
x
p
(
2t/R

)



V
a
c
u

u
m

 d
o

m
in

a
n

c
e

✤
Vacuum

 energy density

⇢
v⇢
⇠

✓
`
pR

◆
2⇥

e
x
p
(
2t/R

)

�!
tb

r ⇠
R
ln
(R

/`
P
)



V
a
c
u

u
m

 d
o

m
in

a
n

c
e

✤
Vacuum

 energy density

⇢
v⇢
⇠

✓
`
pR

◆
2⇥

e
x
p
(
2t/R

)

�!
tb

r ⇠
R
ln
(R

/`
P
)

⇢
v
⇠

⇢



V
a
c
u

u
m

 d
o

m
in

a
n

c
e

✤
In a few

 m
illiseconds the vacuum

 take control over the energy density of the 
com

pact object

✤
Vacuum

 energy density

⇢
v⇢
⇠

✓
`
pR

◆
2⇥

e
x
p
(
2t/R

)

�!
tb

r ⇠
R
ln
(R

/`
P
)

⇢
v
⇠

⇢



V
a
c
u

u
m

 d
o

m
in

a
n

c
e

✤
In a few

 m
illiseconds the vacuum

 take control over the energy density of the 
com

pact object

✤
Vacuum

 energy density

⇢
v⇢
⇠

✓
`
pR

◆
2⇥

e
x
p
(
2t/R

)

�!
tb

r ⇠
R
ln
(R

/`
P
)

tb
r ⇠

10
�
3s

⇢
v
⇠

⇢



V
a
c
u

u
m

 d
o

m
in

a
n

c
e

✤
In a few

 m
illiseconds the vacuum

 take control over the energy density of the 
com

pact object

✤
Vacuum

 energy density

⇢
v⇢
⇠

✓
`
pR

◆
2⇥

e
x
p
(
2t/R

)

�!
tb

r ⇠
R
ln
(R

/`
P
)

tb
r ⇠

10
�
3s

⇢
v
⇠

10
1
4�

1
5g/cm

3

⇢
v
⇠

⇢



V
a
c
u

u
m

 d
o

m
in

a
n

c
e

✤
In a few

 m
illiseconds the vacuum

 take control over the energy density of the 
com

pact object

✤
T

he unstable phase m
ust be detained by backreaction effects w

hich should be responsible to 
bring the vacuum

 back to som
e stationary regim

e.

✤
Vacuum

 energy density

⇢
v⇢
⇠

✓
`
pR

◆
2⇥

e
x
p
(
2t/R

)

�!
tb

r ⇠
R
ln
(R

/`
P
)

tb
r ⇠

10
�
3s

⇢
v
⇠

10
1
4�

1
5g/cm

3

⇢
v
⇠

⇢



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

But what is the fate of 
the star?  



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

But what is the fate of 
the star?  



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

But what is the fate of 
the star?  



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

But what is the fate of 
the star?  



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

✤
Einstein sem

iclassical equation:

R
a
b �

12
g
a
b R

=
8⇡hT

a
b i

!



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

✤
Einstein sem

iclassical equation:

R
a
b �

12
g
a
b R

=
8⇡hT

a
b i

!

This approach, however, have m
any difficulties, e.g.,  

(1) One does not expect it to be valid when the fluctuations of the 
stress energy tensor are “large" when com

pared to its m
ean 

value 
  (2) Even if/when it is valid, it is, in general, prohibitively difficult 
to solve it.                                               

                                                                       
.                                                                        

.                                                                        

.                                                                        



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

I
+

I
�



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

I
+

I
�

it seem
s reasonable to believe that quantum

 
fluctuations am

plified enough to m
enace the 

stability of relativistic stars cannot rem
ain 

``quantum
'' for too long.



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

I
+

I
�

it seem
s reasonable to believe that quantum

 
fluctuations am

plified enough to m
enace the 

stability of relativistic stars cannot rem
ain 

``quantum
'' for too long.

If the quantum
 phase ends before vacuum

 fluctuations 
dom

inate the system
, we expect backreaction to be well 

described by the CLASSICAL general-relativistic equations. 



A
w

a
k
in

g
 th

e
 v

a
c
u

u
m

 

I
+

I
�

it seem
s reasonable to believe that quantum

 
fluctuations am

plified enough to m
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stability of relativistic stars cannot rem
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``quantum
'' for too long.

If the quantum
 phase ends before vacuum

 fluctuations 
dom

inate the system
, we expect backreaction to be well 

described by the CLASSICAL general-relativistic equations. 

The relationship between the quantum
 and classical  

description of the instability was analyzed by R. Mendes, G. 
Matsas, and  D. Vanzella PRD (1014)
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â
⌦
†â
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Ĥ

=
Ĥ
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â
⌦
†)

p̂
⌦
⌘

�
i r

⌦2
(â
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â
⌦
†)

Ĥ
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Ĥ
u
=

�
⌦2
(â
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Û
u
�
s (t)

⇢̂
u (t)

=
tr

�
s ⇢̂(t)

trace out the 
environm

ent



⌃
t

ds
2
=

�
f
(dt 2�

d�
2)

+
r
2(d✓

2
+
sin

2
✓
d'

2)

✤
U

nstable Phase

F
r

o
m

 q
u

a
n

tu
m

 to
 

c
l
a
s
s
ic

a
l

Initial state of the full system

%̂(0)
=

%̂
s (0)⌦

%̂
u (0)⌦

%̂
� (0),

%̂
s (0)

=
|0

s ih0
s |

%̂
u (0)

=
|0

u ih0
u |

%̂
� (0)

=
th
erm

al
state

w
ith

tem
p
eratu

re
T

⇢̂(0)!
⇢̂(t)

Û
u
�
s (t)

⇢̂
u (t)

=
tr

�
s ⇢̂(t)

trace out the 
environm

ent

%
red (t,'

u ,'
u
0)
=

Z
d 

u d 
u
0%

u (0, 
u , 

u
0)

⇥
J
red (t,'

u ,'
u
0;0, 

u , 
u
0),



⌃
t

ds
2
=

�
f
(dt 2�

d�
2)

+
r
2(d✓

2
+
sin

2
✓
d'

2)

✤
U

nstable Phase

F
r

o
m

 q
u

a
n

tu
m

 to
 

c
l
a
s
s
ic

a
l

Initial state of the full system

%̂(0)
=

%̂
s (0)⌦

%̂
u (0)⌦

%̂
� (0),

%̂
s (0)

=
|0

s ih0
s |

%̂
u (0)

=
|0

u ih0
u |

%̂
� (0)

=
th
erm

al
state

w
ith

tem
p
eratu

re
T

⇢̂(0)!
⇢̂(t)

Û
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