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The Unruh effect

“...the behavior of particle detectors under acceleration a is
investigated where it is shown that an accelerated detector even in
flat spacetime will detect particles in the vacuum. ..

... This result is exactly what one would expect of a detector
immersed in a thermal bath of temperature [Unruh (1976)]

Ty=a/2r "




The Unruh effect

m Rindler coordinates

x% =¢sinhny, x = E&coshy

m Rindler vs Minkowski

ds2; = (dx®)® — (dx)?

— ds% = &2dn? — d&?

m Rindler worldline
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The "magic’ of neutrinos

Quantum Mechanics [Pontecorvo et al. (1978)]

|ve) = |v1)cos + |vo)sind

|v,) = —|v1)sin@ + |12) cosd
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The "magic’ of neutrinos

m Quantum Field Theory [Blasone and Vitiello (1995))
Ve(x) = v1(x) cosf + 1(x) sinf

v, (x) = —vi(x) sin€ + vo(x) cosé
m Mass and flavor field expansions

_Z —ik- of +ik- _
Vi = [aﬁ,iuﬁie ’X+ﬁk7ivl‘(’,ie ’X}, i=1,2

)
k,o

o= (el e+ ROV () = (e1). (12)
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m Vacuum annihilator in the flavor basis

0Fo(£) = cos0 afy + sind (AK3(6) oy + & Na(t) 871, )

Pontecorvo rotation Bogoliubov transformation

m Bogoliubov coefficients
() = ulb(e)ul (8) = v L(8) v (t)
pa(t) = Uk,2( )“k,l( ) ka,1( )ka,z

No(t) = €7 ull () vaia(t) = —7 ugh(t) VI (t)

m Inequivalent representations = Inequivalent physics

Jim 1,2(0[0(0; t))e o = 0
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Under the magnifying glass

Asymptotic neutrino states: flavor or mass?
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Flavor states vs mass states S
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Flavor states vs mass states S
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Neutrinos as virtual states?
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Flavor states vs mass states S

Flavor states | Mass states

M. Blasone, G. Vitiello (1995) R. E. Shrock (1980)
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Neutrinos as virtual states? —> Divergent event rates [Cardall (1999)]
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Flavor states vs mass states S
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A mathematical curiosity?
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Fig.: Intensity of Tritium S-decay spectrum versus the electron kinetic energy near

the end point energy (from arXiv:1709.06306 [hep-ph])
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The necessity of Unruh effect in QFT:the inverse ﬁ—decay‘




Decay of accelerated particles

Decay properties are not universal [Ginzburg (1965), Muller (1997)]

10
Tproton > Tuniverse ~ 10 yr

However, if we “kick” the proton. ..

1" /'/G)
//
’ acceleration ‘ lifetime ‘
+
pP—n+e’ + e i o~ 103¥10%yy

=
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Laboratory frame

p—>n+e++ye

Fig.: The decay occurs since the acceleration supplies the p-n rest mass difference

B quw



Comoving frame

p+e—n+ v p—+ Ue—n+e" p+ e+ e—n

Fig.: The decay occurs since p interacts with the Unruh thermal bath of e~ and ve
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Setting the stage B

Basic assumptions [Matsas et al. (1999)]:
m Massless neutrino
m ke[ ~ [ky,| < Mp,n

m Current-current Fermi theory
§I = /d4X\/ —& j;t (Wl/}/uﬁ}e + We’yu‘]}l/)
P =qr)us(u—a), G(r)=e""Goe M

Hin)=maln)y, Hlp)=mplp), Gr=]|(p|do|n)
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Laboratory frame T L o e

m Tree-level transition amplitude

Apﬁn = <f7’ ® <e/—<tcrevyku0u’§’ ‘0> ® ’P>

m Differential transition rate

d27)lﬁr)7—>n ,
dkedk, Zi Z AP

m Scalar decay rate

. PP 4G2a e o
rﬁ,‘) = T :erﬂ'gm/a/ov dke/(; dkl/KZIAm/a [2(we+wl,)]
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Fp—n _ _ GEme /+°<> w Kiw/a+1/2(me/a)Kiwyja—1/2(me/a)
com — am2erAm/a [ cosh [7T (W - Am)/a]

[P _ pPon
in

com

The Unruh effect is mandatory for the General Covariance of QFT
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Fig.: The mean proper lifetime 7 of proton versus its proper acceleration a.
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’]nverse B-decay and neutrino miring: mass or ﬂavor?‘
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Inverse [5-decay and neutrino mixing

Neutrino mixing in the inverse 5-decay [Ahluwalia et al. (2016)]

“In the laboratory frame, the interaction is the electroweak vertex, hence
neutrinos are in flavor eigenstates. In the comoving frame, the proton
interacts with neutrinos in Rindler states, which display an effective
thermal weight and are mass eigenstates".

"...if charge eigenstates were the asymptotic states also in the
accelerating frame, the thermality of the Unruh effect would be
violated”.

"...we conclude that the rates in the two frames disagree when taking
into account neutrino mixings".
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The paladins of General Covariance of QFT
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Non-thermal Unruh effect

Unruh spectrum for mixed neutrinos

2
MO0 = o + sin29{o<5’">}

eaw/TU +1 m
——_———

Thermal spectrum .
P Non—thermal corrections

The Unruh spectrum for mixed fields acquires non-thermal corrections
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Inverse [5-decay and neutrino mixing

Neutrino mixing in the inverse 3-decay [Ahluwalia et al. (2016)]

“In the laboratory frame, the interaction is the electroweak vertex, hence
neutrinos are in flavor eigenstates. +a-the-comovingframe—the-proton
. "y . il _hich-displ octi

. L oeic [ . tates”
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Inverse [-decay and neutrino mixing

. . |ve) = |v1) cosO + |vp)sind
APTT = (n|® (e o, Vi, 0,]5110) @ |p)

|vp) = —|v1)sinf + |v2) cosf

Working with flavor neutrinos, in the laboratory frame. ..

M7 = cos* 7" 4 sin* 957" + cos? Osin O T5,""

;=12

SR DL L P

UlufTe

" == Z Gr /d3 /d3 Toyo. (Wi we) IS . (wuz,we)—i—cc}

0'1/7(7&
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..and in the comoving frame

MPn — cos* TP 4 sin*TE™" + cos?fsin 9 TP,""
. 2 G2 +oo g / 2
F”_”’ = F / dw /dzke le Kiu a <£)’
12 a2’ \/ lu1 ll/z eTrAm/a —o0 [z a
X / deV (:‘ilz, + My, My, + l1/1 ll/z)

IU ll/
x Re {Ki(w—Am)/a+1/2 (j) Ki(w—nam)/a—1/2 (f) }

+ m. / d’ke / dky (hy My + lymyy)

le I,
x Re {Kii)/aJrl/Z (; Ki(w—am)/a—1/2 (f)

/V X
X Ki(wam)/afl/2 (?2) }}7 Ry = (ku7 kl}//)



Comparing the rates A R T 0

Laboratory vs comoving decay rates

M0 = cos* 07" + sin* 057" + cos? Osin?OTE)",

p—n Tp—n - 4 nTp—n 2 - 2 np—n
P =cos* TP + sin*0T57" + cos?Osin?OT7,

rPon=re" =12
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Comparing the rates IR R T 0

Laboratory vs comoving decay rates

M0 = cos* 07" + sin* 057" + cos? Osin?OTE)",

p—n Tp—n - 4 nTp—n 2 - 2 np—n
P =cos* TP + sin*0T57" + cos?Osin?OT7,

e =ren i=1,2
What about the “off-diagonal” terms?

p—n = Fp—n
r12 - r12
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Non-trivial calculations. ..




Non-trivial calculations. . .

..for%’" <1
~ 1)
rg’;” = r'l’;’” up to(’)(m>
m

P21 = [P0 yp to O (‘””)
m
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General Covariance and mass states?

Solving the controversy with mass eigenstates [Matsas et al. (2018)]7?

[-..] a physical Fock space for flavor neutrinos cannot be constructed.
Flavor states are only phenomenological since their definition depends on
the specific considered process.”

" We should view the neutrino states with well defined mass as the
fundamental ones. |...] The decay rates calculated in this way are
perfectly in agreement”.
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Why not mass states?

m A physical Fock space for flavor neutrinos can be rigorously defined
[Blasone and Vitiello (1995)]




Why not mass states?

m A physical Fock space for flavor neutrinos can be rigorously defined
[Blasone and Vitiello (1995)]

m The use of mass eigenstates wipes mixing out of calculations

- ) _
rp=rtbatvi— U, |°T;,  i=1,2

B muw



Why not mass states? A

m A physical Fock space for flavor neutrinos can be rigorously defined
[Blasone and Vitiello (1995)]

m The use of mass eigenstates wipes mixing out of calculations

. , .
rpontleatvi — (U, PF,  i=1,2

m Inconsistency with the asymptotic occurrence of flavor oscillations
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Neutrino oscillations (inertial frame)

a) Without oscillations b) With oscillations

(ve) _ _ap—n 4 Fp—n 2 2 rp—n (vu) _ 2 2 (Fp—n p—n p—sn
M =cgly 7 + 551577 + cgs5T7, M =chsg (77" +T57"—T5,7")

Total decay rate

r}*’?t = rf:e) + rf:u) — cos2 0 ri’H" + Sin2 0 rg*m
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Neutrino oscillations (comovi ngframe S

= Ve . " . a) Without oscillations
A A A
(ve) _ aTp—n_ ATp—n_ 2 2Tp—n
Mace’ =gy sy Ty sy Ty,
1 1 5 : + 7.
€ p [ e p e
e* b) With oscillations
" "A nA
(vw) _ 2 2 (Fp—n | Ep—n _ Tp—n
lace” =cgsg (7 7+ 77 =T,
A
e p e

Total decay rate

tot __ 2 npP—n : 2 A FP—n _ rtot
Mo =cos“ @Iy " +sin“0l; " =TI7°
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Ahluwalia's | Matsas's Our
approach approach approach

Asympt. neutrinos Flavor Mass Flavor
in the laboratory frame
Asympt. neutrinos Mass Mass Flavor
in the comoving frame
Agreement between X v v
the decay rates
Consistency with X X v
neutrino oscillations
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Outlook R

m Beyond the |.o. approximation

0= ey o ey
The paradox would be m Unruh effect for mixed fields is to
definitively solved be revised

m Pontecorvo treatment of mixing is
not consistent with QFT

m Generalization to three flavors with CP-violation
m Extension to curved background (gravity effects)

m Application to condensed matter systems
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