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I. Unruh Effect

I. Unruh Effect
Vacuum is not vacuous: Unruh effect [Unruh 1976]
A detector linearly, uniformly accelerated in Minkowski vacuum will
experience a thermal bath at the Unruh temperature:
T=0

TU = 1K for
a = 2.4 x 1020 m/s2

* If
is initially in its ground state, in weak-coupling limit,
the transition probability to its 1st excited state is

- uniform acceleration : aμ aμ = a2 = constant (a: proper acceleration)
- Minkowski vacuum: No particle (field quanta) state of the field
for Minkowski observer

I. Unruh Effect
Derivations
1) Time-Dependent Perturbation Theory (TDPT)
For a 2-level atom linearly coupled to a massless field,
transition probability to the 1st order:

2) Tracing out the field modes beyond the event horizon

T=0

I. Unruh Effect
Derivations
1) Time-Dependent Perturbation Theory

T=0

For a 2-level atom linearly coupled to a massless field,
transition probability to the 1st order:

2) Tracing out the field modes beyond the event horizon
2-mode squeezed state

I. Unruh Effect
Evidences for Unruh effect


Depolarization of electrons in storage ring
The circular Unruh effect is an alternative
view of the Sokolov-Ternov effect.
[Bell, Leinaas, 83; Akhmedov, Singleton 07]



Theoretical consistency of accelerated-proton decay
[Vanzella, Matsas, PRL87(2001)151301]
So far there is no direct evidence of the original Unruh effect
(particles/atoms in linear uniform acceleration).

Circular Unruh Effect
Depolarization of electron spins in storage ring [Bell, Leinaas 83]
(e.g. in LEP, Γ ~ 105, bending radius R = 3.1km, a ~ 2.9x1023 m/s2, Teff ~1200K)


HI = − μ · B ,

,
: splitting between spin up/down



Stationary

Detailed balance in steady state
ρ+ P− = ρ− P+

ρ+ / ρ− =

Circular Unruh Effect
Depolarization of electron spins in storage ring [Bell, Leinaas 83]
(e.g. in LEP, Γ ~ 105, bending radius R = 3.1km, a ~ 2.9x1023 m/s2, Teff ~1200K)


HI = − μ · B ,

,
: splitting between spin up/down



v/c ~ 1
[Unruh 98]

Ω/a

dep. on freq. Ω = ΔE / ħ , non-thermal.
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HI = − μ · B ,

,
: splitting between spin up/down



Circular
Unruh
Effect
(by scalar
and vector fields)

QED
[Derbenev and
Kondratenko,73]

Polarization

Circular Unruh Effect
Depolarization of electron spins in storage ring [Bell, Leinaas 83]
α = (g – 2) / 2 : magnetic moment anomaly





with

= Sokorov-Ternov effect [Derbenev and Kondratenko, 73;
Barber and Mane 87; Unruh 98; Akhmedov and Singleton 07]

II. Detectors in Oscillatory Motions

A Conceptual Design of an Experiment
for Detecting the Unruh Effect
[Pisin Chen, Toshiki Tajima 1999]

A 10 13 W (10 TW) laser
can produce
a ~ 2.9 X 10 24 m/s2
TU ~ 10 4 K

[Courtesy of Pisin Chen]

Accelerated Spinless Point-Charge


zμ(τ) are dynamical variables.

1) Complicated motion in intense laser field at classical level.
2) Dipole approximation must be made
(wavelength of EM field > Compton length of a charged particle) .
3) Higher-derivative radiation-reaction is numerically unstable (run-away).
4) Non-quadratic kinetic term parameterized by proper time. (BRST quantization?)
5) Wave packet is spreading in the laser field.
6) Interference with vacuum in radiation.
7) Intensity of EM field close to the threshold of e−e+-pair production?
8) Large longitudinal fluctuations? [Iso, Yamamoto, Zhang 2011]

…..Very hard!

Accelerated Unruh-DeWitt Detectors with Internal HO


The toy model:
Internal: harmonic oscillator
Massless scalar field
Point-like object [DeWitt 1979]

We have -- quantum field theory +
Prescribed trajectory
quantum mechanics + classical external agent


Features:

1. Linear, crystal clear;
2. Simplest field-atom (spatially localized) interacting system;
3. In some simple setups we are able to obtain analytic results in the whole parameter range;
4. Complicated enough to give nontrivial results and insights;
5. Event horizon for an accelerated detector can be sharply defined.

A Conceptual Design of an Experiment
for Detecting the Unruh Effect
[Chen and Tajima 1999]

A 10 13 W (10 TW) laser
can produce
a ~ 2.9 X 10 24 m/s2
TU ~ 10 4 K

[Courtesy of Pisin Chen]

II. Detectors in Oscillatory Motions
[J. Doukas, SYL, B. L. Hu and R. B. Mann, JHEP11(2013)119]

Oscillatory Motions
Sinusoidal

Chen-Tajima

Alternating Uniform Acceleration

where
Averaged proper acceleration

II. Detectors in Oscillatory Motions


Reduced density matrix for a detector: Field DOF are traced out.

: energy eigenstates



Equilibrium with a thermal bath
RDM in energy-eigenstate representation ~ Boltzmann distribution

For Gaussian states,

UA

UA

Chen-Tajima (CT)

Sinusoidal Motion (SM)

UA

UA

Alternating Uniform Acceleration (AUA)

AUA, on resonance

[J. Doukas, SYL, B. L. Hu and R. B. Mann, JHEP11(2013)119]

UA
CT
SM
AUA

ω = 20

ω=1

CT
SM
AUA
UA
Unruh formula

1 / (2π )

[J. Doukas, SYL, B. L. Hu and R. B. Mann, JHEP11(2013)119]

Unruh formula

Τ/ a

1 / (2π )

ω=1

Ω/ a

ω = 20
CT
SM
AUA
UA
Unruh formula

1 / (2π )

II. Detectors in Oscillatory Motions


If the time-scale of the detector’s response is comparable with or
longer than the time-scale of the oscillating motion, namely, Ω < ω,
then the detectors in oscillatory motion behave more like the ones
in circular motion than those in uniform acceleration.



when Δ = τ − τ’ is large,



~

for UA detectors,

>>

for circular or
oscillatory detectors

The difference is more significant in the higher-acceleration regime,
where the effective temperature is in general lower than
the Unruh temperature at the same ā .

III. Radiation by UD Detectors

A Conceptual Design of an Experiment
for Detecting the Unruh Effect
[Chen and Tajima 1999]

A 10 13 W (10 TW) laser
can produce
a ~ 2.9 X 10 24 m/s2
TU ~ 10 4 K

[Courtesy of Pisin Chen]

III. Radiation by UD Detectors


Photons in the Unruh radiation of e- are entangled pairs.
~ Down conversion
While the intensity of the signal is small compared to the background
(e.g. 10-10 to Larmor radiation [Schützhold, Schaller, Habs, PRL97(06)121302])

the angular and phase-space distributions are different from those
for the Larmor radiation.
[Schützhold, Schaller, Habs, PRL100(08)091301; Thirolf et al, EPJD55(09)379]
Unruh

Larmor

Larmor
ω=k

angular distribution (accelerated by a
Gaussian electric field pulse [SSH06])

- Unruh temperature is not a primary goal to detect.

Unruh
ω=k1+k2

III. Radiation by UD Detectors


Photons in the Unruh radiation of e- are entangled pairs.
~ Down conversion
- Can the signal be amplified (suppressed) by constructive
(destructive) interference in a bunch of electrons?
The electron motion will be very complicated
off the nodal points of the magnetic fields.
- How much does the interference with vacuum fluctuations further
suppress the Unruh radiation?

III. Radiation by UD Detectors
Looking at the field generated by the Unruh effect of UD detectors




In (1+1)D, there is NO radiation emitted by a uniformly accelerated
detector under equilibrium conditions (steady state),
due to the interference between vacuum fluctuations and
the retarded field driven by vacuum fluctuations.
[Grove 86; Raine, Sciama, Grove 91; Unruh 92]
In (3+1)D, such interference does not cancel out the radiation.
However, the radiation in steady state does not originate from
the internal energy of the detector. [SYL, Hu 06]
Note that a uniformly accelerated charge in classical electrodynamics gets NO radiation-reaction but still radiates for
Minkowski observers. Radiation is observer-dependent.

III. Radiation by UD Detectors
Interfering term and screening

Near the event horizon (U=0)

Time scale of building up the interference ~ 1/(a+γ) ≈ 1/a
in weak coupling limit, namely, even in the TDPT regime
(1/a << (τ − τ0) << 1/γ ) the interference has to be considered.

III. Radiation by UD Detectors


Photons in the Unruh radiation of e- are entangled pairs.
~ Down conversion
- Can the signal be amplified (suppressed) by constructive
(destructive) interference in a bunch of electrons?
The electron motion will be very complicated
off the nodal points of the magnetic fields.
- How much does the interference with vacuum fluctuations further
suppress the Unruh radiation?
Duration of a laser pulse 10 - 100 fs
Relaxation time 1/(coupling strength)~ c/g = 10-6 s [RSH06]
Timescale of building-up interference
~ c/a ~ 10-14 s for a ~ 3 x1026 m/s2

Summary


The behavior of the detector in the Unruh effect out of equilibrium is
determined by the kinematics in its history rather than by assuming the
presence of an event horizon.



In the weak coupling limit, the dynamics of a UD detector in a piecewise
uniform, linear acceleration are similar to those of a HO in a bath at a timevarying “temperature”, if each period of UA is much longer than the time-scale
of the detector’s response.



If the time-scale of the oscillating motion is comparable with or shorter than the
time-scale of the detector’s response, then the detectors in oscillatory motion
behave more like the ones in circular motion than those in uniform acc.



In the high-acceleration regime, the effective temperature of a detector in
oscillatory motion is lower than the Unruh temperature at the same ā .



Calculation of the Unruh radiation by UD detectors in oscillatory motion is
ongoing.

