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Objectives

To present a relativistically-consistent particle detector, modeling all
its “constituents” and deriving the corresponding stress-energy tensor.
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Pointlike Unruh-DeWitt detectors

Pointlike Unruh-DeWitt detectors are ruled by the interaction
Hamiltonian

Hτ
I = λχ(τ)µ̂(τ)ϕ̂(z(τ)), (1)

with
µ̂(τ) = e iΩτ σ̂+ + e−iΩτ σ̂− (2)

being the monopole operator for the detector in the interaction
picture.

1) χ(τ): switching function.
2) Ω: energy gap between |g⟩ and |e⟩.
3) σ̂+ = |e⟩⟨g | = (σ̂−)†.
4) z(τ): worldline parametrized by the proper time τ .
5) |λ| ≪ 1.
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Pointlike Unruh-DeWitt detectors

However:

1) Pointlike detector models can lead to UV divergences.

[A. Satz, Class. Quant. Grav. 24, 1719 (2007)]
[J. Louko and A. Satz, Class. Quant. Grav. 23, 6321 (2006)]
[S. Takagi, Prog. Theor. Phys. Suppl. 88, 1 (1986)]

2) The physical systems that we try to model with particle detectors are
certainly not pointlike objects.

[A. Pozas-Kerstjens and E. Mart́ın-Mart́ınez, Phys. Rev. D 94, 064074
(2016)]

João P. M. Pitelli (Unicamp) January 24th, 2025 6 / 34



Table of Contents

1 Objectives:

2 Pointlike Unruh-DeWitt Detectors

3 Finite-size particle detector models

4 Localized Quantum Fields as Particle Detector Models

5 Stress-energy Tensor of a Localized Quantum Field

6 Time Independent Solutions

7 An Explicit Example

8 Conclusions

João P. M. Pitelli (Unicamp) January 24th, 2025 7 / 34



Finite-size particle detector models

[E. Mart́ın-Mart́ınez, T. R. Perche and B. S. L. Torres, Phys.Rev.D 103,
025007 (2021)]

Assume the detector to be localized as a smeared (Fermi–Walker
rigid) two-level first quantized system.

Let z(τ) be the trajectory of the detector’s center of mass,
parametrized by proper time τ .

Denote |g⟩ and |e⟩, the ground and excited state of the detector
according to the detector’s free Hamiltonian Hτ

D (which generates
translations with respect to τ),

Hτ
D = Ωσ̂+σ̂−. (3)
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Finite-size particle detector models

The Hamiltonian weight associated to the interaction of a two-level
system with a scalar quantum field in the UDW model takes the
following shape,

ĥI (x) = λχ(τ)f (x)µ̂(τ)ϕ̂(x), (4)

with x = (τ, x) Fermi normal coordinates associated to the center of
mass of the detector.

The Hamiltonian that generates time evolution with respect to the
proper time τ of the detector is then defined as the integral over the
constant τ surfaces Στ , according to

Hτ
I (τ) = λ

∫
d3x

√
−gχ(τ)f (x)µ̂(τ)ϕ̂(x), (5)
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Finite-size particle detector models

such that the time-evolution operator is then defined as the time-ordered
exponential

Ûτ = Tτ exp
{(∫

R
dτHτ

I (τ)

)}
= Tτ exp

{(∫
M

dVhI (x)
)}

. (6)

In a general coordinate system x = (t, x)

ĥI (x) = λΛ(x)µ̂(τ(x))ϕ̂(x), (7)
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Finite-size particle detector models

such that the time-evolution operator is then defined as the time-ordered
exponential

Ût = Tt exp
{(∫

M
dVhI (x)

)}
. (8)

It can be shown that, in general,

Ûτ ̸= Ût . (9)
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Finite-size particle detector models

In particular:

Û (2)
τ = Û (2)

t + (−i)2
∫
S≤

dVdV ′[hI (x), hI (x
′)]θ(t ′ − t), (10)

where

S≤ = {(x, x′) ∈ M×M : x and x′ spacelike separated

and τ ≥ τ ′ ⇒ t ≤ t ′}
(11)

and
[hI (x), hI (x

′)] = λ2Λ(x)Λ(x′)[µ̂(τ), µ̂(τ ′)]ϕ̂(x)ϕ̂(x′), (12)

with
[µ̂(τ), µ̂(τ ′)] = 2i sin

(
Ω(τ − τ ′)

)
σ̂z (13)
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Localized Quantum Fields as Particle Detector Models

[T. R. Perche, J. Polo-Gómez, B. S. L. Torres and E. Mart́ın-Mart́ınez,
Phys. Rev. D 109, 045013 (2024)]

Scalar field with a confining potential:

LD = −1

2
∂µϕD∂µϕD − 1

2
m2ϕ2D + V (x)ϕ2D , (14)

so that
ϕ̂D(x) =

∑
n

(
ânun(x) + â†nu

∗
n(x)

)
(15)

and

L =− 1

2
∂µϕD∂µϕD − 1

2
m2

Dϕ
2
D + V (x)ϕ2D

− 1

2
∂µϕ∂µϕ− 1

2
m2ϕ2 − λζ(x)ϕDϕ.

(16)
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Localized Quantum Fields as Particle Detector Models

The interaction Hamiltonian density:

hI (x) = λζ(x)ϕ̂D(x)ϕ̂(x), (17)

so that

Û = T exp

{(
−i

∫
dVhI (x),

)}
(18)

with T exp{} denoting the time-ordered exponential with respect to
any time parameter.
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Localized Quantum Fields as Particle Detector Models

Observations:

Although we started with two microcausal theories for the fields ϕ̂D(x)
and ϕ̂(x), we ended up with a particle detector model, which does not
respect microcausality - tracing over the inaccessible modes.
A nondynamical potential gives rise to a stress-energy tensor
incompatible with general covariance.
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Stress-energy Tensor of a Localized Quantum Field

[T. R. Perche, JPMP and D. A. T. Vanzella, arXiv:2411.09732 [quant-ph]]

Attempt 1:

LD =− 1

2
∂µϕD∂

µϕD −
m2

D

2
ϕ2D − V (ϕC )

2
ϕ2D

− 1

2
∂µϕC∂

µϕC −
m2

C

2
ϕ2C .

(19)

The field ϕC is responsible for the potential V (ϕC ). But “who” is
responsible for the localization of ϕC?
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Stress-energy Tensor of a Localized Quantum Field

Attempt 2:

LD =− 1

2
∂µϕD∂

µϕD −
m2

D

2
ϕ2D − α

2
|ψC |2ϕ2D

− ∂µψ
∗
C∂

µψC −m2
C |ψC |2 − VC (|ψC |2)

+ (1− µ|ψC |2)Lfluid,

(20)

Two degrees of freedom of the fluid: allow a stable solitonic solution
for the fields ψC and ϕD , maintaining the shape of the solution ψC

(and thus of the localizing potential V (ψC )) regardless of the state of
ϕD .
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Stress-energy Tensor of a Localized Quantum Field

Stress-energy tensor:

Tµν =∂µϕD∂νϕD + 2Re(∂µψ
∗
C∂νψC )

− 1

2
gµν
(
∂αϕD∂

αϕD +m2
Dϕ

2
D + α|ψC |2ϕ2D

+ 2∂αψ
∗
C∂

αψC + 2m2
C |ψC |2 + 2VC (|ψC |2)

)
+ (1− µ|ψC |2)T fluid

µν

(21)

with
∂µTµν = 0. (22)

João P. M. Pitelli (Unicamp) January 24th, 2025 20 / 34



Table of Contents

1 Objectives:

2 Pointlike Unruh-DeWitt Detectors

3 Finite-size particle detector models

4 Localized Quantum Fields as Particle Detector Models

5 Stress-energy Tensor of a Localized Quantum Field

6 Time Independent Solutions

7 An Explicit Example

8 Conclusions

João P. M. Pitelli (Unicamp) January 24th, 2025 21 / 34



Time Independent Solutions

Semiclassical context: ϕ2D(x) would be replaced by the renormalized

expected value of ϕ̂2D , ⟨ϕ̂2D(x)⟩ren ≡ g(x), which is time independent

whenever ϕ̂D is in an eigenstate of its Hamiltonian (e.g., if α = 0 and
ϕ̂D were in its vacuum state, we would have g(x) = 0).

If ψC = e−iωC tΨC (x), then

(−∇2 +m2
C + f (x))ΨC (x) = ω2

CΨC (x), (23)

with
f (x) = µLfluid +

α

2
g(x) + FC (x) (24)

and

FC (|ψC |2) =
∂VC (|ψC |2)
∂|ψC |2

. (25)
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Time Independent Solutions

Equation for ϕD :

(□−m2
D − α|ψC |2)ϕD = 0 (26)

Finally
Lfluid = −ρ+ 3ηP, η = 0, 1. (27)
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An Explicit Example

Assume

ψC (x) =
1

ℓ
e−iωC t sech

( r
ℓ

)
, ⟨: ϕ̂2D(x) :⟩ = g(x) = 0 (28)

and
VC

(
|ψC |2

)
= −(|ψC |2)2 (29)

such that

(−∇2 +m2
C + f (x))ΨC (x) =

(
− 1

ℓ2
+m2

C︸ ︷︷ ︸
ω2
C

+
2

ℓ2
sech2

( r
ℓ

)

− 2

ℓ2
tanh

( r
ℓ

)
− 2|ΨC |2 + g(x) + µLfluid

)
(30)(

□−m2
D − α

ℓ2
sech2

( r
ℓ

))
ϕD = 0. (31)
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An Explicit Example

This implies

ϕ̂D(x) =
(
e−iω1tΦ1(r)â1 + e iω1tΦ∗

1(r)â
†
1

)
(32)

+
∑
l ,m

∫
dk
(
e−iwk tvklm(x)b̂klm + e iwk tv∗klm(x)b̂

†
klm

)
, (33)

with

Φ1(r) =

√
3

8πℓωD

tanh
(
r
ℓ

)
r cosh

(
r
ℓ

) , ω1 =

√
m2

D − 1

ℓ2
(34)

and

Lfluid = − 2

µℓ2
tanh

(
r
ℓ

)
r/ℓ

, ∂µTµν = 0 (equation for P(r)). (35)
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An Explicit Example
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An explicit Example

⟨: T̂µν :⟩|0⟩D = ρ0(r)uµuν +R0(r)rµrν + P0(r)Ωµν (36)
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An explicit Example

Tµν = ρ(r)uµν + (p(r) + Π(r))rµrν +

(
p(r)− 1

2
Π(r)

)
Ωµν , (37)

where Π(r) is the pressure deviator.

Radial pressure goes to zero faster than angular pressure as r → ∞.
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An explicit Example

In the case where the field ϕ̂D starts in the state |0D⟩ and the field ϕ̂
starts in its vacuum state |0⟩, the final state of the detector takes the
form

ρ̂D = (1− λ2F) |0D⟩⟨0D |+ λ2F |1D⟩⟨1D |+O(λ4), (38)

where

F =

∫
dVdV ′Λ(x)Λ(x′)e−iΩ(t−t′)⟨0|ϕ̂(x)ϕ̂(x′)|0⟩ (39)

is the leading order excitation probability of the detector.
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An explicit Example

In the plot we see that in the pointlike limit, we approximate the
excitation probability of a pointlike UDW detector, given by

F(Ω) ≈ |Ω|T
2
√
π
Θ(−Ω), (40)

where Ω is the detector’s energy gap Ω = ωD in this case.
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Conclusions

In this model, the detector’s internal energy levels are represented by
square-integrable excitations of a real scalar quantum field ϕ̂D

The localization of ϕ̂D is achieved through a spherically symmetric
potential produced by a classical complex field, ψC .

The spatial profile of ψC is stabilized by its coupling with a perfect
fluid, which, with two degrees of freedom, semiclassically absorbs any
backreaction from the quantum field ϕD .

Additionally, we demonstrate that the complete system satisfies the
standard energy conditions, ensuring that the detector’s stress-energy
tensor consists of non-exotic matter with distinct radial and angular
pressure
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Thank you!

Thank you!
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