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What a Black Hole is

Highly dense collapsed massive star from which gravity
prevents anything including light, from escaping.
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BH : Thermodynamic System

The laws of black hole mechanics are expressed in
geometrized units.
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BH : Thermodynamic System

The Second Law :The horizon area is, assuming the weak
energy condition, a non-decreasing function of time,

dA

dt
≥ 0 .

This ”law” was superseded by Hawking’s discovery that black
holes radiate, which causes both the black hole’s mass and
the area of its horizon to decrease over time.

The Third Law : It is not possible to form a black hole with
vanishing surface gravity. k = 0 is not possible to achieve.
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Quintessence

Since 1998 the cosmic acceleration hypothesis has been
accepted by a large part of the astrophysicists and
cosmologists followed by a series of observations1.

1Riess, A. G. et al :- [Supernova Search Team Collaboration], Astron. J.
116, 1009(1998)[arXiv:9805201(astro-ph)].
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Quintessence BHs

In quintessence universe to understand the neighbouring space
time geometry of a BH need to construct a general form of
exact spherically symmetric solutions with the forms of stress
energy tensors:

2Kiselev, V. V. :- Class. Quantum Grav. 20, 1187(2003).
3Kiselev, V. V. :- Class. Quantum Grav. 20, 1187(2003).Abhijit Mandal , IIEST Shibpur, Howrah. TCGC−2014 BH Thermodynamics with Cosmic Acceleration
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Motive

What is the destiny of the highly compact objects like BHs at
“Big Rip”?

4Babichev, E., Dokuchaev, V. , Eroshenko, Yu. :- Phys.Rev.Lett. 93
021102,(2004).[e-Print:arXiv:0402089[astro-ph]]; Biswas, R. et al :-Classical and
Quantum Gravity 28 (2011a) 035005; Biswas, R.:- EPL 96 (2011b) 49001.

5Biswas, R.:-Ref. : Lambert Academic Publishing, ISBN-13 :
978-3-659-31887-0(2013).
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Studies of dark energy accretion have shown that such
accretion either reduces the rate of increment of black hole
mass (Ṁ) to a negative value or they make the accretion disc
fainter with a stronger wind 4.
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Mass of Quintessence BHs

We get the form of the BH mass as a function of radius of
event horizon(rh), charge(Q), quintessence EoS(ωq) and
quintessence potential(rq) as
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Mass of Quintessence BHs : Physical Interpretation

The general trend of MQdS vs rh curve is primarily strictly
decreasing and slowly increasing in the latter.
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Mass of Quintessence BHs : Physical Interpretation

The general trend of MQdS vs rh curve is primarily strictly
decreasing and slowly increasing in the latter.

When ωq = −0.33, for very low charge, there exist BHs with
small MQdS and small rh and in this situation if rh increases,
the masses of BHs remain same.
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decreasing and slowly increasing in the latter.

When ωq = −0.33, for very low charge, there exist BHs with
small MQdS and small rh and in this situation if rh increases,
the masses of BHs remain same.Now, whenever the
magnitude of Q increasing ,for the small radii of event
horizons, the BH masses increase rapidly;
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decreasing and slowly increasing in the latter.

When ωq = −0.33, for very low charge, there exist BHs with
small MQdS and small rh and in this situation if rh increases,
the masses of BHs remain same.Now, whenever the
magnitude of Q increasing ,for the small radii of event
horizons, the BH masses increase rapidly; and whenever
increasing radii the masses of BHs are decreasing to a certain
value of rh and after that the curve again increases.
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Mass of Quintessence BHs : Physical Interpretation

The general trend of MQdS vs rh curve is primarily strictly
decreasing and slowly increasing in the latter.

When ωq = −0.33, for very low charge, there exist BHs with
small MQdS and small rh and in this situation if rh increases,
the masses of BHs remain same.Now, whenever the
magnitude of Q increasing ,for the small radii of event
horizons, the BH masses increase rapidly; and whenever
increasing radii the masses of BHs are decreasing to a certain
value of rh and after that the curve again increases.

According to Fig : 1(b) and 1(c), for ωq = −0.66 & − 1,
Whenever the charge Q is nearly zero, the BHs are showing
very small rh and small masses.
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decreasing and slowly increasing in the latter.

When ωq = −0.33, for very low charge, there exist BHs with
small MQdS and small rh and in this situation if rh increases,
the masses of BHs remain same.Now, whenever the
magnitude of Q increasing ,for the small radii of event
horizons, the BH masses increase rapidly; and whenever
increasing radii the masses of BHs are decreasing to a certain
value of rh and after that the curve again increases.

According to Fig : 1(b) and 1(c), for ωq = −0.66 & − 1,
Whenever the charge Q is nearly zero, the BHs are showing
very small rh and small masses. If we are increasing the
charge, for small radius of event horizons the BHs mass
increases rapidly but if we increase the radius of event
horizons the mass of BHs increases slowly.
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Hawking Temperature of QdS BHs

Here the Hawking temperature TH can be expressed as
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Here the Hawking temperature TH can be expressed as
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−
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Hawking Temperature of QdS BHs : Physical

Interpretation

At ωq = −1
3 , the HT become negative for −2 < Q < 2.
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Hawking Temperature of QdS BHs : Physical

Interpretation

At ωq = −1
3 , the HT become negative for −2 < Q < 2.

In Fig : 2(a), whenever, ωq = −0.4 HT is positive if the
charge is nearly zero.
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Hawking Temperature of QdS BHs : Physical

Interpretation

At ωq = −1
3 , the HT become negative for −2 < Q < 2.

In Fig : 2(a), whenever, ωq = −0.4 HT is positive if the
charge is nearly zero. For the large |Q| when the rh is small,
the HT is negative but keeping the charge same if we increase
the radius of event horizons HT become positive.

When the charge |Q| ≈ 2 the Hawking temperature is
negative.
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Hawking Temperature of QdS BHs : Physical

Interpretation

At ωq = −1
3 , the HT become negative for −2 < Q < 2.

In Fig : 2(a), whenever, ωq = −0.4 HT is positive if the
charge is nearly zero. For the large |Q| when the rh is small,
the HT is negative but keeping the charge same if we increase
the radius of event horizons HT become positive.

When the charge |Q| ≈ 2 the Hawking temperature is
negative.

Now in Fig : 2(b) and 2(c), for ωq = −0.66and − 1 HT is
positive for low charge.
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Hawking Temperature of QdS BHs : Physical

Interpretation

At ωq = −1
3 , the HT become negative for −2 < Q < 2.

In Fig : 2(a), whenever, ωq = −0.4 HT is positive if the
charge is nearly zero. For the large |Q| when the rh is small,
the HT is negative but keeping the charge same if we increase
the radius of event horizons HT become positive.

When the charge |Q| ≈ 2 the Hawking temperature is
negative.

Now in Fig : 2(b) and 2(c), for ωq = −0.66and − 1 HT is
positive for low charge.When the charge 0.5 < |Q| < 2, the
HT is negative for very small rh ;
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Hawking Temperature of QdS BHs : Physical

Interpretation

At ωq = −1
3 , the HT become negative for −2 < Q < 2.

In Fig : 2(a), whenever, ωq = −0.4 HT is positive if the
charge is nearly zero. For the large |Q| when the rh is small,
the HT is negative but keeping the charge same if we increase
the radius of event horizons HT become positive.

When the charge |Q| ≈ 2 the Hawking temperature is
negative.

Now in Fig : 2(b) and 2(c), for ωq = −0.66and − 1 HT is
positive for low charge.When the charge 0.5 < |Q| < 2, the
HT is negative for very small rh ; keeping the charge |Q|
constant if we increase rh HT becomes positive.
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Specific heat gets the form
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Specific Heat of QdS BHs

Specific heat gets the form
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Specific Heat of QdS BHs : Physical Interpretation

At the very first, for ωq = −0.33, for smaller rh we get only
negative CQ,rq
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Specific Heat of QdS BHs : Physical Interpretation

At the very first, for ωq = −0.33, for smaller rh we get only
negative CQ,rq Keeping Q constant if we increase rh,
experiencing a first order phase transition.
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Specific Heat of QdS BHs : Physical Interpretation

At the very first, for ωq = −0.33, for smaller rh we get only
negative CQ,rq Keeping Q constant if we increase rh,
experiencing a first order phase transition.Denoting the point
of phase transition to be rh,crit1(Q). We can see increment of
|Q| increases the value of rh,crit1(Q).
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Specific Heat of QdS BHs : Physical Interpretation

At the very first, for ωq = −0.33, for smaller rh we get only
negative CQ,rq Keeping Q constant if we increase rh,
experiencing a first order phase transition.Denoting the point
of phase transition to be rh,crit1(Q). We can see increment of
|Q| increases the value of rh,crit1(Q).

whenever ωq = −0.4, here at low charge the same trend
remains. But increment of |Q| gives us a stable BH at very
beginning which after passing through a second order phase
transition(say at rh = rh,crit2(Q)) become unstable.
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At the very first, for ωq = −0.33, for smaller rh we get only
negative CQ,rq Keeping Q constant if we increase rh,
experiencing a first order phase transition.Denoting the point
of phase transition to be rh,crit1(Q). We can see increment of
|Q| increases the value of rh,crit1(Q).

whenever ωq = −0.4, here at low charge the same trend
remains. But increment of |Q| gives us a stable BH at very
beginning which after passing through a second order phase
transition(say at rh = rh,crit2(Q)) become unstable.

Keeping the value of Q constant if we increase rh this
unstable BH again becomes stable at rh,crit1(Q).
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Specific Heat of QdS BHs : Physical Interpretation

At the very first, for ωq = −0.33, for smaller rh we get only
negative CQ,rq Keeping Q constant if we increase rh,
experiencing a first order phase transition.Denoting the point
of phase transition to be rh,crit1(Q). We can see increment of
|Q| increases the value of rh,crit1(Q).

whenever ωq = −0.4, here at low charge the same trend
remains. But increment of |Q| gives us a stable BH at very
beginning which after passing through a second order phase
transition(say at rh = rh,crit2(Q)) become unstable.

Keeping the value of Q constant if we increase rh this
unstable BH again becomes stable at rh,crit1(Q). But
increment of Q increases rh,crit2(Q) and decreases that of
rh,crit1(Q).
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Specific Heat of QdS BHs : Physical Interpretation

At the very first, for ωq = −0.33, for smaller rh we get only
negative CQ,rq Keeping Q constant if we increase rh,
experiencing a first order phase transition.Denoting the point
of phase transition to be rh,crit1(Q). We can see increment of
|Q| increases the value of rh,crit1(Q).

whenever ωq = −0.4, here at low charge the same trend
remains. But increment of |Q| gives us a stable BH at very
beginning which after passing through a second order phase
transition(say at rh = rh,crit2(Q)) become unstable.

Keeping the value of Q constant if we increase rh this
unstable BH again becomes stable at rh,crit1(Q). But
increment of Q increases rh,crit2(Q) and decreases that of
rh,crit1(Q). So, the unstable phase for higher charges does not
exist for a long range of rh .
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remains. But increment of |Q| gives us a stable BH at very
beginning which after passing through a second order phase
transition(say at rh = rh,crit2(Q)) become unstable.

Keeping the value of Q constant if we increase rh this
unstable BH again becomes stable at rh,crit1(Q). But
increment of Q increases rh,crit2(Q) and decreases that of
rh,crit1(Q). So, the unstable phase for higher charges does not
exist for a long range of rh .
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Specific Heat of QdS BHs : Physical Interpretation

The scenario for ωq = −0.5 is basically same with previous
except the fact that with Q the increment of rh,crit1(Q) and
decrease of rh,crit2(Q) is not as fast as the case we have
analyzed before.
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Specific Heat of QdS BHs : Physical Interpretation

The scenario for ωq = −0.5 is basically same with previous
except the fact that with Q the increment of rh,crit1(Q) and
decrease of rh,crit2(Q) is not as fast as the case we have
analyzed before.

The scenario is completely different for a short rh range
analysis of ωq = −1 case,
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Specific Heat of QdS BHs : Physical Interpretation

The scenario for ωq = −0.5 is basically same with previous
except the fact that with Q the increment of rh,crit1(Q) and
decrease of rh,crit2(Q) is not as fast as the case we have
analyzed before.

The scenario is completely different for a short rh range
analysis of ωq = −1 case,here the BH is unstable at first and
then through a second order phase transition it becomes
stable:

Abhijit Mandal , IIEST Shibpur, Howrah. TCGC−2014 BH Thermodynamics with Cosmic Acceleration



Outline Black Hole Thermodynamics Thermodynamics of Quintessence BHs Conclusions

Specific Heat of QdS BHs : Physical Interpretation

The scenario for ωq = −0.5 is basically same with previous
except the fact that with Q the increment of rh,crit1(Q) and
decrease of rh,crit2(Q) is not as fast as the case we have
analyzed before.

The scenario is completely different for a short rh range
analysis of ωq = −1 case,here the BH is unstable at first and
then through a second order phase transition it becomes
stable: surprisingly the specific heat(Cq,rq ) at first decreases
and then increases, and ultimately decrease down to a
negative value to giving a local maxima in between.
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Specific Heat of QdS BHs : Physical Interpretation

The scenario for ωq = −0.5 is basically same with previous
except the fact that with Q the increment of rh,crit1(Q) and
decrease of rh,crit2(Q) is not as fast as the case we have
analyzed before.

The scenario is completely different for a short rh range
analysis of ωq = −1 case,here the BH is unstable at first and
then through a second order phase transition it becomes
stable: surprisingly the specific heat(Cq,rq ) at first decreases
and then increases, and ultimately decrease down to a
negative value to giving a local maxima in between. For small
Q everything happens except the second order phase
transition.
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Free energy of QdS BHs

The expression for free energy becomes
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Free energy of QdS BHs

The expression for free energy becomes

Fe =

r4h + a2
[

3Q2 + rh

{

rh − (3ωq + 2)rq

(

rq
rh

)3ωq

}]

4a2rh
.
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Free energy of QdS BHs : Physical interpretation

In Fig : 4(a) when the charge Q is very low, the free energy is
positive for small radius of event horizons;
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Free energy of QdS BHs : Physical interpretation

In Fig : 4(a) when the charge Q is very low, the free energy is
positive for small radius of event horizons;keeping the charge
Q same if we increase the rh the free energy become negative.

Abhijit Mandal , IIEST Shibpur, Howrah. TCGC−2014 BH Thermodynamics with Cosmic Acceleration



Outline Black Hole Thermodynamics Thermodynamics of Quintessence BHs Conclusions

Free energy of QdS BHs : Physical interpretation

In Fig : 4(a) when the charge Q is very low, the free energy is
positive for small radius of event horizons;keeping the charge
Q same if we increase the rh the free energy become negative.
Now as the charge(|Q|) is being increased we can notice that
the free energy is always positive.
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Free energy of QdS BHs : Physical interpretation

In Fig : 4(a) when the charge Q is very low, the free energy is
positive for small radius of event horizons;keeping the charge
Q same if we increase the rh the free energy become negative.
Now as the charge(|Q|) is being increased we can notice that
the free energy is always positive.

In both Fig : 4(b) and 4(c) for small magnitude of Q, free
energy is an increasing function.
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Free energy of QdS BHs : Physical interpretation

In Fig : 4(a) when the charge Q is very low, the free energy is
positive for small radius of event horizons;keeping the charge
Q same if we increase the rh the free energy become negative.
Now as the charge(|Q|) is being increased we can notice that
the free energy is always positive.

In both Fig : 4(b) and 4(c) for small magnitude of Q, free
energy is an increasing function. But if we increase Q

gradually, free energy is a decreasing function at first then
after reaching a local minima it increases. Here overall the
sign of the free energy is positive.
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Free energy of QdS BHs : Physical interpretation
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Figures 5a-d represent the variation of free energy with
respect to TH for the different parameters set.

Fig 5a-5d show the variation of free energy with Hawking
temperature. In all the cases except ωq = −0.33 we can find
at least one cuspidal type double point where ∂Fe

∂TH
has single

value but that occurs twice. This thing signifies a Hawking
Page phase transition.

Abhijit Mandal , IIEST Shibpur, Howrah. TCGC−2014 BH Thermodynamics with Cosmic Acceleration



Outline Black Hole Thermodynamics Thermodynamics of Quintessence BHs Conclusions

Conclusions

So the obligatory sketch out of charged BH thermodynamics
with the central engine amplified into a quintessence field is
stable small BH → Second order phase transition → Unstable
small/intermediate mass BH → First order phase transition →
Stable intermediate mass BH → Second order phase
transition → unstable super massive BHs.
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Conclusions

So the obligatory sketch out of charged BH thermodynamics
with the central engine amplified into a quintessence field is
stable small BH → Second order phase transition → Unstable
small/intermediate mass BH → First order phase transition →
Stable intermediate mass BH → Second order phase
transition → unstable super massive BHs.

So in a nutshell, before quintessence starts to work
(ωq = −0.33 > −1

3) it was preferable to have a small unstable
BH followed by a large stable one. But in quintessence
(−1

3 > ωq > −1) BHs are destined to be unstable large one
pre-quelled by stable/ unstable small/ intermediate mass BHs.
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with the central engine amplified into a quintessence field is
stable small BH → Second order phase transition → Unstable
small/intermediate mass BH → First order phase transition →
Stable intermediate mass BH → Second order phase
transition → unstable super massive BHs.

So in a nutshell, before quintessence starts to work
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3) it was preferable to have a small unstable
BH followed by a large stable one. But in quintessence
(−1

3 > ωq > −1) BHs are destined to be unstable large one
pre-quelled by stable/ unstable small/ intermediate mass BHs.
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THANKS
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