
What are extremal and near-extremal black holes?

In the context of black holes, extremality is a limit where two horizons, inner and outer, 
coincide. This can happen because the bh is charged or rotating (although there exist other 
possibilities too), with the mass M reaching a lower bound for given charge Q or spin J:

As M decreases for fixed Q or J, the temperature (propto surface gravity) of the black hole 
decreases, and it becomes zero in the extremal limit.

•

The extremal limits 𝑀 ൌ 𝑄, 𝑀 ൌ 𝐽ଶ, have always looked very peculiar, with qualitative 
differences wrt non-extremal bhs (eg Schwarzschild), and with behavior different than 
conventional (quantum) systems at very low temperatures -- in particular extremely large 
degeneracies at zero temperature. Is this because bhs are really different, or are we instead 
missing something important in their physics? 

•

One theme in these lectures is that bhs near extremality (ie at extremely low temperatures) 
do behave as conventional quantum systems. Although our discussion won't cover the bh 
unitarity puzzles, these results give us confidence that bhs comply with the laws of QM. 

•

Then it shouldn't be too surprising that, at very low temperatures, black holes exhibit large 
quantum effects -- systems in cryo-labs are interesting precisely because of that! 

•

What's more surprising is that we can treat these large quantum effects on black holes 
(quantum gravity!) with good control, and without needing a UV quantum theory of gravity --
not any string theory or holography, although these fit in well in the discussion. Many of the 
lessons we'll learn have universal validity -- eg the Schwarzian theory we'll derive is the 
universal low-energy effective theory near extremality.

•

Near-extremal black holes are a theoretical lab for quantum gravity at low temperatures.•

One very important lesson will be that•

the classical extremal black hole of GR textbooks is an artifact of the wrong order of limits.

Sufficiently close to extremality, black holes are fully quantum objects: There's a sector of 
near-zero-temperature quantum fluctuations that are strongly coupled, dominating the 
physics (eg the partition function), which must be fully quantized. This is what JT gravity and 
the Schwarzian theory do for us.

The breakdown of the semiclassical approximation is parametrically large, not just in 
subleading terms.

However, don't throw to the wastebin all you've learned about classical extremal black holes 
just yet -- instead, revisit it more carefully.

Things we won't do:

BPS STATES & SUSY: Extremal charged BHs feature prominently in supergravity and string 
theory (eg microstate counting), but we won't discuss any susy. We will focus on purely 
bosonic, non-(near-)supersymmetric bhs. Susy bhs are very important but have significant 
qualitative differences and require separate treatment.

•

ROTATION: For technical simplicity we'll focus mainly on the charged RN case. Rotating bhs •

Not so fast! Very large 
Schwarzschild bhs also have 
very low temperatures, but 
they don't exhibit these large 
quantum effects!
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(Kerr) are technically harder because of less symmetry (axial U(1) vs spherical SO(3)). Many 
conclusions from near-extremal RN will extend to near-extremal Kerr, but not all. Besides 
technical complication:

-there are differences in superradiance and (in)stability (harder to suppress in Kerr)

-near-horizon geometry in Kerr is more complicated -- less symmetric

-less symmetry implies less control over quantum effects -- won't be one-loop-exact

p-BRANES: We won't do (near-)extremal black p-branes with p>0.  Some of what we'll do 
applies to some near-extremal black strings (p=1), but in general, and especially when p>1, 
these are different animals, especially when p>1 (zero Bekenstein-Hawking entropy at 
extremality, different near-horizon geometry, no Schwarzian sector)

•

AdS/CMT: Near-extremal bhs appear in condensed matter holography as duals to strongly 
coupled quantum matter at low T. Very interesting but we won't have time to discuss it.

•

ASTRO-PH: Any astrophysical applications? Kerr BHs are thought to exist with spin parameter 
a/M ~ 0.99 (measured for some AGN). Is this close enough for the effects we'll discuss? We'll 
examine this -- but don't hold your breath.

•

What we'll do:

Recent advances: the quantum Schwarzian and its consequences for near-extremal bhs; 
Aretakis instabilities; tidal singularities at the horizon — all discovered/clarified in the last ~10 
years. Our plan is to cover all of these.

Roadmap of the lectures

Lecture 1: RN solution and near-extremality. Basic features, thermodynamics, near-extremal 
puzzles, near-horizon geometries.

•

Lecture 2: Effective 2d and 1d theories and quantization: JT gravity, Schwarzian theory, one-
loop partition function near extremality.

•

Lecture 3: Interaction with radiation: emission and absorption•

Lecture 4: Classical extremal black holes reloaded. Aretakis instability. Tidal singularities of 
extremal horizons.

•
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Einstein-Maxwell theory
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Reissner-Nordstrom solution
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number density of 
black hole states

huge density of 
ground states

Worrisome

Thermodynamics
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𝑇 ≲ 𝐸௕ : too little energy available to emit a single quantum
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Charge emission: superradiance and pair production
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Near-horizon geometries
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