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m In de Sitter space, the particle scpectra inferred from the
disagree.

response of an Unruh detector and from the stress-energy tensor

m Explain why and how the detector nonetheless knows about the
energy density.
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Scalar Field in Expanding Background

Some Basics and Conventions

m Spatially flat, homogeneous background in conformal
coordinates: g,, = a?(n)diag(1, —1, -1, —1)

De Sitter space: a(n) = —g,,,  7¢] — 00,0]

u \/jgﬁ = \/jg (%gﬂyaﬂ(ba’](ﬁ - %n~|2¢2)

m Klein-Gordon equation for mode with comoving momentum k:
(5,2] + (k% + an?) — a;l/><p(k,n) =0, p=ap, '=d/dy

Solution for m= 0: (k,7) = (1 - k|77) e kn



Field operator

Nondiagonal Hamiltonian

H(n) = n )3{Q(k ,n)(a(k)a' (k)+a' (k)a(k))+(A(k, n)a(k)a(—k)+h.c.)}
where

Q(k,n) = [¢'(k,n) —

Ak, n) =

(@ /@) (k, )| + wi(k, 1) [o(k, )|
/ 2
(¢ = Zolkom)” + Wk m(k, )
w? = K2+

209 = [ s ("ot n)all) + e (e njal ()
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Mode Mixing

m Bogolyubov transformation

ak) \ _ [ alk 57K a(k)
(it ) = (560 509 ) (4T%)
with the norm |a(K)|? — |3(K)|? = 1
Diagonal Hamiltonian

3
) =5 [ oyako (@008 ()81 (1030

() = (01 0)3910) = 18098 = 3~ 5 =2 ()

m Intuitively expected result: mode energy density divided by the
individual particle energy, minus the vacuum contribution

Conclusions
[e]
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Adiabatic Expansion

Limited Applicability of Mode Mixing Picture

Note: 5 nonetheless oscillates o €2k

Also true for more general cases where for the WKB ansatz
i (k, m)=a(K)(2W(k, 7))~ e/ Win') 1 (k) (2W(k, 7)) € Wik’
one can adiabatically expand

W(O)2 = o2

2 "

a’ 3wO@" 1w
We" = 2 (1-6)—+>—% — = ——
w” —( <) a + AW0Z 2 WO
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Energy Density in de Sitter Space

m Hamiltonian mode energy density

1

m Energy density component from the stress-energy tensor

1 d3k 1
0= <O|T00(X)‘0> = g/ (27)3 (k+ 2k772>

m In addition to the quartic divergence of the cosmological term,
there is a square divergence, power law behaviour.

m The square divergence can in principle be absorbed within
Newton’s constant G.
However, not clear how this may fit into renormalizing gravity.

Conclusions
[e]
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The Unruh Detector

Unruh 1976

m An idealized device only characterized by its
energy levels, travels along trajectory x(r) with
proper time 7, couples to scalar field via h¢

m For simplicity assume that there are only two
energy levels E; and E,. Level spacing
AE =E, — Ey, define h = <E2|h‘E1>

m P(7) denotes probability for transition E; — E, after time 7 has
elapsed.

m Define F(r) = P(7)/|h|.
Applying qguantum mechanical rules of time-dependent
perturbation theory gives response function:

dF(AE) _ /

= N dATeAEAT (i (x(—A7/2)) ¢ (X(AT/2)) i)

— 00
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Test: Detector in Flat Space

m Consider Minkowski space filled with »(|k|) particles per mode
m Can be described in mode-mixing picture by

1
2w(k)

Pk 1) = (alk)e ™M+ g(k)e=)
with |3(K)|? = v(|K|), |a(K)|> = v(|k|) + 1 and 3 is constant in 7
m Take infinite time limit t — oo for the response function

dFnat( AE k
Vil AE) _ KSE 1, 1600 )0(AE) + (v(kae) + 1) 9(~AE)]
with kAE = (AE)2 —m?
m First term in square brackets: particle absorption
Second term: spontaneous and induced emission
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Response in de Sitter Space
Gibbons and Hawking '77, Higuchi '86, BG and Prokopec '04

m Freely falling detector

2
df(AE)_AE(l H ) 1 for AE£0

dr 2 AE2? ) el2n/H)AE _ 1

m Indicates an exponentially falling spectrum of particles.

m Apparent contradiction with Parker’s result or the energy density
from T+,

m Reason: Mode mixing picture is inappropriate, oscillating
Bogolyubov coefficient g



Detector in equilibrium:

R(E]_ — Ez) = R(Ez — E]_)
The response function fulfills the relation

dF(AE) N dF(—AE)
dr

dr
n(E) TE B (14 n(ey) = n(er)

P(E, — E1)
ET (1+n(Ey))
—_—

n(Ez) = ﬁ
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Is the Unruh Detector Blind to the Energy Density?

Question

What is the significance of the
power-law behaviour of the
energy density?
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Lamb Shift

What Happens to the Vacuum

m Mode mixing picture is not appropriate to account for “particle
production” in the expanding background.

m However, the amplitude of the modes grow.

m In the functional picture, this corresponds to a growth of the
vacuum fluctuations, cf. the generation of cosmic perturbations.

And how the Detector Knows about it

m Energy levels of an atom are sensitive to vacuum fluctuations.
The Lamb shift gives a correction at one loop order (a keystone
success of QED, H. Bethe 1947 ).

m We are agnostic about the detector’s inner structure, however we
can think about it as a bound state with discrete energy levels.

m Energy levels acquire corrections by vacuum fluctuations.
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Lamb Shift in Curved Spacetime

m The detector's AE is defined in flat space. This already includes
the infinite correction 6Ey due to Lamb shift.

m However, we can compare a detector in flat and in curved space.

H( M)

Vacuum fluctuations grow due
to spacetime expansion. Lamb
shift yields a different
contribution. = AEc # AE

m We can observe 0E = 0Ec — 6Ey, note that JE is finite.

AE in flat space already
includes the Lamb-shift
renormalization.



3 fdk'
SEyx = dk‘

A 2
2_7r)5 k’ E2|haT(k)g0(k,17)|0 E1>‘
Bk [ Lok, m)I?
(2r)* AE - Q(k)

5Em=0 d3k 1 h?

h2
(27)3 2k AE — AE —K  4r2 [~k — AElog|AE — K],
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Lamb Shift in de Sitter Space

o / ®k (1 H? he

gERO = [ S ()T
S (2r) \2k * 2¢) AE (k+ H{)

og| K= AE/2+ AEYA 2
k— AE/2— \/AE?/4 _ H?

|

h? AE?/4

4m /AE2/4 —H2
(k+AE/2)*
AE2/4 — H2

AE
——log

1
2

The observable difference is finite:

0E = 0Egs® — ER°

h? H AE? AE/2 — \/AE2/4 — H?
= — (AElog|—| — log
4 AE| 4\/AE2/4—HZ T |AE/2+ \/AE2/4—H2
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Lamb Shift in de Sitter Space

... and condenses considerably when expanded in H/AE
h? H2 H H
ag| O (AE))

E= 2 (1 2
0 47r2AE( °9

Remarks

m Both, the amplitude |p(k)| and the mode energy Q(k) contribute
to the Lamb shift.

m Lamb shift corresponds to a mixing of unperturbed detector
levels
— Can quantitatively compare with the detector in equilibrium
and the occupation nhumbers

m Unruh detector sees the power-law behaviour, Lamb shift is more
important in the UV.
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Remarks

m Similar behaviour for massive scalar in general
FLRW-spacetimes:

0E = 5EFLRW — (5EM

h2 5 11"7}ii2+1 66 1 20AEd
42\ 12AEa 2AE @ 2 AE 9 m a

3r ma 31 m 12 40 me
16 AE2 a 32 AE? a2 AES
m It is not clear whether the expression for the response function is
correct. LSZ reduction applicable?
m Apparently related to particle self energies in de Sitter, which are
o H rather than o« exp(—H/u), where u is some mass scale.



m Invariant acceleration: o = [(dzx/de)z]%
m Mode amplitude (A corresponds to v/k? )

oa(€ =0,7)7 =

11+31% 430 4+
2\

1 1 a2n12
1 e—27r|)\|/a +
m Local, virtual mode energy

Q= !

_ 1 ()\2 B §a2m4
RY
m Lamb shift

874‘...)
h2

=—a—2+ ganE form< a
6mr AEn?

e /Ze 5 for M > a

0E = 0Er — 6Ewm
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Conclusions

m The process referred to as “particle production” in the expaning
Universe yields a power-law spectrum (not exponentially falling!)
for the energy density.

m This does however not correspond to the presence of particles,
since it is not captured in the response rate of a detector.

m The effect becomes however manifest in the Lamb shift of energy
levels of the detector.

m The expanding background in first place alters self energy
corrections rather than producing “particles”.
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