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Quantum fluctuations near a black hole
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likely inside if ∆x ≳ Rs

⇒ ∆p ≲ h̄
∆x = h̄

2GM



Black hole temperature
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temperature T = 
__a

2π
acceleration a

Result from QFT in curved spacetime: a vacuum |0⟩ in an accelerating
frame looks like a thermal bath with T = a/(2π) in your frame.

Estimate: T ∝ a ∼ GM/R 2
s ∝ 1/M

Actual calculation: T = M 2
Pl/M where 8πGM 2

Pl = 1
Birrell and Davies, Quantum fields in curved space, Cambridge University Press, 1982

Intensity ∝ T 4 ⇒ luminosity L ∝ T 4R 2
s ∝ 1/M 2
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Explosion by Hawking radiation
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Birrell and Davies, Quantum fields in curved space, Cambridge University Press, 1982

The more mass the black hole loses, the hotter it gets, the more
luminous it becomes, and the faster it loses mass.

L ∝ 1
M 2 ⇒ dM

dt = −L ∝ − 1
M 2 ⇒ Explosive end of black hole

tevap = 80M3

πM4
Pl

≈ 2.1× 10 67
(

M
M⊙

)3
yr ≈ 3.4× 10−25

(
M
1 g

)3
sec



A black hole’s last day

Amol Upadhye Hawking radiation and LHAASO [2408.10897] 6

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

-10
-5

-10
-4

-10
-3

-10
-2

-10
-1

-10
0

-10
1

-10
2

-10
3

-10
4

b
la

ck
 h

o
le

 p
ro

p
er

ti
es

t - tevap [sec]

mass M(t) / (10
9
g)

radius Rs(t) / (10
-20

m)

temperature T(t) / TeV

luminosity L(t) / (10
20

W)



Large High-Altitude Air Shower Observatory (LHAASO)
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LHAASO Science Book: arxiv.org/abs/1905.02773v4



Photon emission from a black hole
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Detectability of black hole explosion
Expected number of photons with E1 ≤ E ≤ E2 from a black hole
explosion at distance r from Earth:

µ(r, θi) =
∫ E2

E1
dE dNγ

dE
Aγ(E,θi)
4πr2

Maximum distance to detectable explosion:

rmax(θi) =
√∫ E2

E1
dE dNγ

dE
Aγ(E,θi)

4πµmin(θi)

where µmin is the minimum number of photons needed to detect
the explosion to 5σ above the angle-dependent backgrounds (from
protons and other cosmic rays).

Upper limit (99% CL) on the black hole explosion rate:
UL99 =

4.6
V×S where V =

∑
i
1
3 r 3maxfsky(θi),

S is the integration time, and fsky(θi) is the sky fraction observed
in angular band i.
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Detector areas
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Binned constraints on black hole explosion rate

Amol Upadhye Hawking radiation and LHAASO [2408.10897] 11

The 99% confidence level upper limits on the local burst rate density
of PBHs, i.e., UL99, for WCDA and KM2A for a 3 year observing run.



Total constraints on black hole explosion rate
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Summary

1 Hawking radiation from quantum-mechanical black holes was
predicted 50 years ago.

2 Small black holes of mass M ≳ 1014 g would explode today
due to Hawking radiation. Along the way, they will reach
higher energies than our particle colliders.

3 Primordial black holes of these masses cannot be ruled out on
either experimental (microlensing) or theoretical grounds, and
may be candidates for the dark matter.

4 LHAASO will be sensitive to black hole explosions within
about 0.1 pc of the Earth and will be able to bound the
explosion rate per unit volume.
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