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Circular motion analogue Unruh effect in a 2 + 1 thermal
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A primer on the
Unruh effect
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« Quantum scalar field ¢3(x) in Minkowski spacetime 7, = diag(—-1,1,1,1)

 Couple to a detector H; , = A)((T)qg(x)ﬁ(r), the Unruh-DeWitt detector
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Quantum scalar field ¢3(x) in Minkowski spacetime 7, = diag(-1,1,1,1)

Couple to a detector H;,, = A)((T)qg(x)ﬁ(r), the Unruh-DeWitt detector

A (small) coupling constant
¥ (7) switching function

/(1) monopole moment operator for two level detector with energy gap E
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« Quantum scalar field ¢3(x) in Minkowski spacetime 7, = diag(—-1,1,1,1)

 Couple to a detector H; , = A)((T)qg(x)ﬁ(r), the Unruh-DeWitt detector
. Detector excitation probability () = 42| (E|4(0)|0) |2{ d-r’[ de” e BTV d(z) ("))
R R
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Quantum scalar field ¢3(x) in Minkowski spacetime 7, = diag(-1,1,1,1)

Couple to a detector H;,, = A)((T)qg(x)ﬁ(r), the Unruh-DeWitt detector
Detector excitation probability (k) = 42| (E]i(0)]0) |2{ d-r’[ de” e BTV d(z) ("))
R R

Accelerated trajectory x#(7)

Excitation and de-excitation probabilities obey Einstein’s detailed balance condition:
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Quantum scalar field (/3(x) in Minkowski spacetime 77, = diag(-1,1,1,1)

= A)((-r)(/;(x)ﬁ(r), the Unruh-DeWitt detector

Couple to a detector H, ,

Detector excitation probability 2(k) = A’|(l-.'|,?((‘))|n)|-’j dr’J de” ¢ =Y dh(2) ("))
e 1%

Accelerated trajectory x*(7)

Excitation and de-excitation probabilities obey Einstein’s detailed balance condition:

PE) " = P(-E)
a

2

The Unruh Effect: T =
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A primer on the . _ |
circular motion _
Uanh effeCt , ’ _ Linear

W. G. Unruh, Acceleration Radiation for Orbiting Electrons, 1998
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W. G. Unruh, Acceleration Radiation for Orbiting Electrons, 1998
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W. G. Unruh, Acceleration Radiation for Orbiting Electrons, 1998

Effective temperature

)

T(w) =

l ( P(=m) )
& P(w)
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W. G. Unruh, Acceleration Radiation fora‘alﬂng Electrons, 1998
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Biermann et al., Phys.Rev.D 102 (2020)

L}
3+ 1 dimensions 2 + 1 dimensions
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Biermann et al., Phys.Rev.D 102 (2020)

L}
3+ 1 dimensions 2 + 1 dimensions
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Biermann et al., Phys.Rev.D 102 (2020)
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Biermann et al., Phys.Rev.D 102 (2020)
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Defining the theory Examples
(From a theorist’s
pOint Of View Gravity waves

1) W r 1 0 d v )2 (gk-}-zk-‘)l;—mh(hk)
P,

BEC (Boronwb6os) dispersion

k') k 2
— — +u
2m \ 2m
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Defining the theory
(From a theorist’s
point of view)

w® ~ ghk® =: ¢ k* for hk < |

irsa: 23060026

Examples

Gravity waves

< ' 0.4
w* = | gk +—k" | tanh(hk)

P

BEC (Boronwb6os) dispersion

s | “ ‘
: k.n-. ]\.&
0 = —| —+u
2m \ 2m
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Defining the theory Examples
(From a theorist’s
pOint Of VieW) Gravity waves

: ' 0.4
< = | gk 4 =k’ ) tanh(hk)

L

w® ~ ghk® =: ¢} k* for hk < |
H
w? ~ sz =: cZk* for k « 1 BEC (Boronio6os) dispersion

s | “ ‘
2 ]\'-h ]\. &~

5 ({2 = 2 + l‘
2m \ 2m

w® ~ cik* alinear regime, matching with QFT
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Defining the theory

Vacuum?
2) Initial state
P(E) = ,{"|(1«.'|,1(())|())|7’| d:" de” e F TN () ("))
vk JIR
M(E-./J_)=,1-?|(E|;}(())|0>|"J de’| de” e E (")) 4 Thermal?
R JRm
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Defining the theory

Vacuum?
2) Initial state
P(E) = ,{"|(1«.'|,1(())|())|7’| d:" de” e F TN () ("))
vk JIR
c/’(E;/}_)=A'3|(E|;}(()j)|())|"-| It | de” e E (")) Thermal?
R JR

Labs have 7 > 0
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Defining the theory

Vacuum?
2) Initial state
P(E) =,1-'-|(1;|;;(m|())|3| d(’l de” e TV h(r) ("))
JIk JIR
M(E:/f.)=A~‘|<E|m:0)|0>|"J dr" de” ¢ TN (e )" Thermal?
R R

Labs have 7 > ()
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Defining the theory

Vacuum?
2) Initial state
P(E) =,1-'-|(1;|,_3(())|())|:’| d(’l de” e T =TI (1) p(1"))
JIiR YR
PE: ) = A2 |(E| ;3(())|())|"J dr" de” e ET (Ve Thermal?
24 m

Labs have 7 >
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Defining the theory

Dirichlet?

3) Boundary conditions?

Neumann?
No lab is infinite™:

*Constrain the field to a finite size

Mixed/Robin?

Experimentally-informed choice

*except for Poincaré disc-mapped ones
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Can we salvage something?

Defining the theory

For a stationary system, infinite time
can give us finite time
4) Finite time

Wz, ") = (d()d(") = W' =1"0)

Have to turn the experiment on and off Define a probability rate

dr e iE7 W(z,0)
JR

Infinite interaction time easier analytically F(E) =

L]

Finite time & (E) = EIEJ dw| 7(w)|? | dr e E+O)T W(7,0)
R R

“Waiting for Unruh”, Fewster et al. Class.Quant.Grav. 33 (2016)
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Analogue Setting

Lab frame time ¢ and energy gap £ ® Ci{rqular motion trajectory
instead of proper time 7 and energy E xH(t) = (1, Rcos(L21), R sin(£21))

Analogue (condensed matter) spacetime [l gt NIRRT EIF TR ULETE]
such as BEC or superfluid helium - but still has acceleration-dependent

response

* Reduced spacetime dimension (2 + 1) EEAROLLASEIelatTaI (VEE1 o]y oo [T RUT1 Ly
response function # (F)

W > Analogue scalar fields:
" /helium surface waves

Gooding et al. Phys.Rev.Letft. 125 (2020)
Bunney et al. arXiv/2302.12023]
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Putting it all together
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Unruh-DeWitt detector analogue spacetime
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Unruh-DeWitt detector analogue spacetime
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Initial Thermal
State

Bunney et al. arXiv[2302.12023], image produced by Radivoje Prizia
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Quantifier of E

Acceleration-dependent
signal?

TDB -
detector response T F(=E. )
F(EM

, 0.5
(a) o
q X
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0,056 &2

0,00

PERIMITER
INSTITUTH
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Velocity vs.
Acceleration

* Circular motion: 2 free parameters

Choose acceleration and velocity

« Special case a = (), v = consl

Straight line motion

« F(E,p)— F,. (E; ) removes velocity
contribution
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Velocity vs.
Acceleration

« Circular motion: 2 free parameters

Choose acceleration and velocity

« Special case a = (), v = consl

Straight line motion

o« F( I f) - F . . (E; ) removes velocity
contribution

FE P - F . (E P

N (EB,RI) —__Luf
| FLin(E; D)
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Velocity vs.
Acceleration

« Circular motion: 2 free parameters

Choose acceleration and velocity

« Special case a = (), v = consl

Straight line motion

-

« F(E;,p)— F, . (E; ) removes velocity
contribution

L)"(I—'., /)’) - .(:j' I ..|I1(F; /;)
F Lin(E} P)

N (EB, RIp)
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1E| = Q
Resonant frequency

Take-home:

Probing below resonance, non-negligible acceleration contribution
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Helium setup

Focus on an initial thermal state

© Thin film superfluid helium-4
« Equilibrium height A, = 100nm

Pirsa: 23060026
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Helium setup Post signal extraction

Dimensionfully, power spectral density

Focus on an initial thermal state proportional to response function
© Thin film superfluid helium-4 A%(n® — Dk?
1 /L g
- Equilibrium height A, = 100nm S (@) = F(w)

gp

* Analogue scalar field: long wavelength surface
perturbations in superfluid component;
decoupled from normal component

© Probe the field with a continuous laser

o Laser samples height fluctuations
S phase fluctuations y :

signal extraction (in progress)
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Helium setup

Focus on an initial thermal state

© Thin film superfluid helium-4
« Equilibrium height A, = 100nm

* Analogue scalar field: long wavelength surface
perturbations in superfluid component;
decoupled from normal component

© Probe the field with a continuous laser
o Laser samples height fluctuations
S phase fluctuations y :

signal extraction (in progress)
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Post signal extraction

Dimensionfully, power spectral density
proportional to response function

h*(n* — ])kf _
Sw(u)) = —— % ()

P
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Read-off and
acceleration isolation

S (@) = kF(;T) + o

sn

sn

Ss(w) = Sw(m_) -0 - KF | (@ T)

Aol wnd
naoalaration isolation
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Read-off and
acceleration isolation

Sql((l)) =kF(w;T) + o=

sh

) 7 3 JoRr ) 2 7 § o T
Ss(w) = S, (w) = o5 = kF (@5 T)

Recall #/ (Ef,RIf) = FEP) = Frn(E; )

FLinE; B)
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Read-off and
acceleration isolation

1 Y o ; FNY 2
S @) = kF(0;T) + o,

7 . B A 2 J § o XV
Ss(w) = S, (w) = 05 = kF (@5 T)

Ss(@)

2 Ss(m) n 2 SS,(LU_)

(TS n sn

9 | 9

a,

Gooding et al. Phys.Rev.Lett. 125 (2020)

Pirsa: 23060026 Page 50/59



Linear dispersion cutoff

v | ¥ ¥ T

(a)

=== Lincar

w— Circular

1000 1500 N00
w/(2m) [He

0 500
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Linear dispersion cutoff

(a)
“Linear” has linear regime
Fiin(@) xw, (w>0)
(b
e Ll Can approximate
. W linear response
o L.")(]()L . ll()()()l i ‘1.')()()1 L )()

w/(2m) [He|
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Linear dispersion cutoff

(a]
“Linear” has linear regime
F i) x w, (0> 0)
20% deviation 4 ' ; b
3
o 8
L)
4 _
' e Can approximate
1 Anear A
e Circular linear response
: ‘ 15(]({ e Ll()()()l . ‘15()(; E )()

w/(2m) [He|
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(Parameter) Space Exploration




I'=10 mK

v = (.95¢, fixed

(b)

o 10 _ — It = 80um
'55 = ! = 60pm
w— I = 40um
oF
0 L L
0 250 000 750 1000
Bunney et al. arXiv[2302.12023] w/(z'") “ IZ]
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I'=10 mK

v = (0.95¢, fixed

=
=S
s
| eseccea |
Resonant probing
w = §)
&
e
N

Bunney et al. arXiv[2302.12023]
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R = 60 um
= .95¢, fixed

...............................

..........

| esecea |
Resonant probing
w = £

Operational measuring

S of 7. (w) over wide
OB parameter space

— T = 10-3K ]
— T = 10"4%K |
T= 10K |

i i i i i i i I i i i i n
LA | T T T T T T T T T T T T T T T T

-
] e —————

N IS T I S S SV T I S P v | [ SRV

250 000 750 1000
w/(2m) [Hz]

Bunney et al. arXiv[2302.12023]
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© Even when iiw < kzT (or haw < kzT), can still find non-negligible
acceleration-dependent signal

© Higher initial thermal state temperatures emphasise the
acceleration-dependent structure
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@ gravitylaboratory.com
@ @gravity_laboratory

Thank you for listening!

cameron.bunney@nottingham.ac.uk
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