
HOLOGRAPHIC BLACK 
HOLE CHEMISTRY

Nordita - Inward Bound 
17/08/2016

Brandon Robinson 
University of Washington

JHEP 1512 (2015) 073  with Andreas Karch



INTENT

Holographic origin of generalized Smarr formula  
 
 
 
 

(d� 3)U = (d� 2)TS � 2pbVb + (d� 3)µQ



THERMODYNAMICS



THERMODYNAMICS

• Black Hole Mechanics / Thermodynamics  
 
 
 
 



THERMODYNAMICS

• Black Hole Mechanics / Thermodynamics  
 
 
 
 

dM = TdS + µiQi dS � 0



THERMODYNAMICS

• Black Hole Mechanics / Thermodynamics  
 
 
 
 

dM = TdS + µiQi dS � 0

T =


2⇡
S =

A

4GN
M = U



THERMODYNAMICS

• Black Hole Mechanics / Thermodynamics  
 
 
 
 

• Also obey constraint: Smarr Formula

dM = TdS + µiQi dS � 0

T =


2⇡
S =

A

4GN
M = U



THERMODYNAMICS

M =
(d� 2)

(d� 3)
TS + µiQi

• Black Hole Mechanics / Thermodynamics  
 
 
 
 

• Also obey constraint: Smarr Formula

dM = TdS + µiQi dS � 0

T =


2⇡
S =

A

4GN
M = U



BH CHEMISTRY



BH CHEMISTRY

• Where’s the PV term? [Kastor, Ray, Traschen] [Dolan]



BH CHEMISTRY

• Where’s the PV term? [Kastor, Ray, Traschen] [Dolan]

dM = TdS + VbdPb + µidQi



BH CHEMISTRY

• Where’s the PV term? [Kastor, Ray, Traschen] [Dolan]

dM = TdS + VbdPb + µidQi

Vb ⌘
@M

@Pb

���
T,µ

Pb ⌘ � ⇤

8⇡

M = U + PbVb



BH CHEMISTRY

• Where’s the PV term? [Kastor, Ray, Traschen] [Dolan]

• Generalized Smarr Formula

dM = TdS + VbdPb + µidQi

Vb ⌘
@M

@Pb

���
T,µ

Pb ⌘ � ⇤

8⇡

M = U + PbVb



BH CHEMISTRY

• Where’s the PV term? [Kastor, Ray, Traschen] [Dolan]

• Generalized Smarr Formula

dM = TdS + VbdPb + µidQi

M =
(d� 2)

(d� 3)
TS � 2

(d� 3)
PbVb + µiQi

Vb ⌘
@M

@Pb

���
T,µ

Pb ⌘ � ⇤

8⇡

M = U + PbVb



BH CHEMISTRY



BH CHEMISTRY
• What does this buy us?



BH CHEMISTRY
• What does this buy us?

• Affirms Van der Waals behavior of charged AdS-BHs 
[Myers,Emperan, Chamblin, Jonhson]



BH CHEMISTRY
• What does this buy us?

• Affirms Van der Waals behavior of charged AdS-BHs 
[Myers,Emperan, Chamblin, Jonhson]

• New/extended phase diagrams [Kubižnák, Mann]



BH CHEMISTRY
• What does this buy us?

• Affirms Van der Waals behavior of charged AdS-BHs 
[Myers,Emperan, Chamblin, Jonhson]

• New/extended phase diagrams [Kubižnák, Mann]

Figure 3: Reentrant phase transition. Left: The Gibbs free energy G of a singly-spinning black
hole in d = 6, displayed for fixed pressure P ∈ (Pt, Pz) and J = 1. There is a finite jump in its
global minimum indicating the presence of the zeroth-order phase transition. As T decreases, the
system follows the lower vertical solid red curve, until at T = T1 it joins the upper horizontal solid
red curve corresponding to small stable black holes and undergoes a first order large/small black
hole phase transition. As T continues to decrease the system follows this upper curve until T = T0,
where G has a discontinuity at its global minimum. Further decreasing T , the system jumps to
the uppermost vertical red line of large stable black holes. This corresponds to the “zeroth order”
phase transition between small and large black holes and completes the reentrant phase transition.
Right: The three-phase coexistence diagram displayed in the P − T plane. The first-order phase
transition between small/large black holes is displayed by thick solid black curve. It emerges from
(Tt, Pt) and terminates at a critical point (not displayed) at (Tc, Pc). The solid red curve indicates
the zeroth-order phase transition between intermediate/small black holes; the dashed black curve
delineates the ‘no black hole region’.

hole first-order phase transition first observed by Hawking and Page for Schwarzschild-AdS

black holes immersed in a bath of radiation [12]. Such a phenomenon has a dual interpreta-

tion for a boundary quantum field theory via the AdS/CFT correspondence and is related to a

confinement/deconfinement phase transition in the dual quark gluon plasma. The coexistence

line in the P − T diagram, fig. 2, has no terminal point, indicating that this phase transition is

present for all values of Λ, reminiscent of a “solid/liquid” phase transition.

Even more novel thermodynamics emerges for more complicated black hole spacetimes,

7
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ALL FROM LARGE N SCALING IN FIELD THEORY!
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Figure 1: Fluid behavior of charged AdS black holes. Left: The P − v diagram. Isotherms
decrease in temperature from top to bottom. The two upper dark curves correspond to the “ideal
gas” one-phase behaviour for T > Tc, the critical isotherm T = Tc is denoted by the thick dark
line, and the lower (red) solid lines correspond to a two-phase state occurring for T < Tc for
which the oscillatory part of the isotherm has to be replaced according to the Maxwell’s equal area
law. Right: The P − T diagram. The coexistence line of the two black hole phases terminates at
a critical point characterized by the Van der Waals mean field theory critical exponents. In both
figures Q = 1.
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