Duration of classicality of a degenerate

quantum scalar field

[Based on: Phys. Rev. D 97, no. 4, 043531 (2018) [arXiv:1710.02195 [hep-ph]] ]

Seishi Enomoto (Univ. of Florida, USA) UF

: FLORIDA
Collaborators : Sankha S. Chakrabarty, Yaqi Han,

Pierre Sikivie, Elisa M. Todarello

2018/7/25 SUSY2018 @ Barcelona 1/19



2018/7/25

Outlook

. Introduction
. Classical description
. Quantum description

. Classical vs Quantum description

. Gravitational self-interaction

. Summary

SUSY2018 @ Barcelona

2/19



1. Introduction
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B Axion is ...

EL ARRANCAGRASA

M Solution to Strong CP problem
B Goldstone boson associated with global UPQ(l) symmetry breaking
M Possible candidate of cold dark matter (CDM)

2 3 5
M Stable: T,y = % ~ [10%° sec]™? (wf_n_saev) « [14 bilion years] !
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B Bose-Einstein condensation (BEC) of dark matter axion
[P. Sikivie and Q. Yang, Phys. Rev. Lett. 103, 111301 (2009)]

1. There are a large number of identical bosons

5

- 47 =3 (L \3(atD)? _ £\
Wn~4x107 cm (1012 GeV) (a(t)) [ t~2x1077s (1012 GeV)

2. The particle number is conserved

3. The particles are sufficiently degenerate
M Velocity dispersion : §v ~ 10717

BN =nm2—~ 109 (L )8/3

%(mdv)3 1012 GeV

4. The particles are in thermal equilibrium by gravity (T, < 1 keV)

[O. Erken, P. Sikivie, H. Tam, and Q. Yang, Phys. Rev. D 85, 063520 (2012)]
[K. Saikawa and M. Yamaguchi, Phys. Rev. D 87, 085010 (2013)]
[J. Berges and J. Jaeckel, Phys. Rev. D 91, 025020 (2015)]

» Axion can satisfy the BEC conditions!
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B Bose-Einstein condensation (BEC) of dark matter axion
[P. Sikivie and Q. Yang, Phys. Rev. Lett. 103, 111301 (2009)]

1. There are a large number of identical bosons

5
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2. The particle number is conserygs

- Is the classical
description still valid?
- If not, when is it break?

3. The particles are sufficig
M Velocity dispersion : §

3
IN’=n—(2n) ~1

%n(m&zﬁ

4. The particles are in thermal equilibr‘ by gravity (T, < 1 keV)

[O. Erken, P. Siki’H. Tam, and Q. Yang, Phys. Rev. D 85, 063520 (2012)]
[K. Saikawa and M. Yamaguchi, Phys. Rev. D 87, 085010 (2013)]
‘[J. Berges and J. Jaeckel, Phys. Rev. D 91, 025020 (2015)]

mP Axion can satisfy the BEC conditions!
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[P. Sikivie and E. M. Todarello, Phys. Lett. B770 (2009),331]
B An example | | | | | |

25 e Oscillator 1
L ouilter
B Quantum 201 + Oucletors
Initial state R
112,25, 4,12, 1)
M Classical
Initial state
N, = 12
N, = 25
N, =4
N, = 12
Ne =1,
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2. Classical description
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M Ex. 1) Attractive A¢p* (1 < 0)

Lagrangian [ A, f : constants ]

L= %(acp)z — A* (1 — cos%)

_1 2 _ 1 242 1,44 _ A? __a
_2(a¢) 2m¢ 4!A¢ + [mZT' A:——J
EOM
02¢ —m?¢p ——1¢> =0

B Non-relativistic limit

¢(t,%) = v% (W(t, e ™ + (¢, %) Tetimt)

1 5 A
\ — _ 2 1,/,2
0) = = —— V2 + Ty

. { [, 0), Y, N =0, [YE&D),pENT]=863E-)
2m
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M Classical description
1 (operator) — W (c-number) : Schrédinger-Gross-Pitaevskii equation

i0,¥ = —— 72y 2y
2m
One can regard
number density as: Ne = ILI’I2
velocity as : V= (ll’ (V‘P) (\7‘{’ )‘P)
which satisfy
continuity equation: din, + V- (n,v) =0
Euler-like equation : 9.0+ (v |7)13 = —%\7U — Vg
2 . 1 V%/n
{ U= wnc, = _Z_Tnz N J
HomogeneOUS SOIUt'On . ( l'IJ — l'IJO (t) ) “potential” “guantum pressure”
B Yy(t) = g et { Sw = %no J

» n(t) =ny = (const.), v(t) =0

No evolution for number density
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https://www.schrodinger.com/

W Perturbation : W(t) = Wy (t) + W, (¢, %) + - [ 1wl «< 19y ]
, 1 *
10;¥; = — 5 V2Y, — Sw(W; + W) + -

" Density perturbation

] 5(t l_c)) = [ d3x —ik-# Yo¥1+¥o¥1
STy

|Wol?

for k> k] =Vidmdbw

m 5(¢, E) = cosw(k)t (0, E) + (k) sinw(k)t 9,6(0, k)

[a)(k)—|| J
for 0 <k <k

%S(t k) = coshy(k)t 5(0 k) + (k) sinh y(k)t 6,;5(0 k)
O
@ { y(k)E%/E]z—zz J

Growing base is
dependent on Initial
perturbation
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3. Quantum description
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B Quantum description

100 =~ T+t

Number density : n, = (* |¢T¢| x) = (YTy) [ cf ne=|¥|° ]
Expansion by annihilation operator

YD) = ) w6, Dz (©

k ‘l‘ —> Annihilation (creation) operator
c-number wave function +
(orthogonal & complete set) [a (tz ah,(t)) ] 0— 0%k
others) =

/ R NN
Zuﬁ(t,x)* up(t,y) =6°(x —y)
K

1
Vf d3x ug (t, %) up (8, %) = 83z
\_ %4

B We choose to be

- 1
uz (t,x) = e

{ N = [, d’x n : total number in the system, J
% (t, %): comoving coordinate (n, d3} = (const.) )

iE-Y(t,)Z)Lp(t, 55)
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EOM for az

10,0 = Mzclaw +l A%;“aT az az
t"k k 'k 2 kk, ky k3 ks
k' %2,%3,%4
! N M /
ME = — K04 fd3xnl7k P(k' - ) e i(k-k)%
k.~ T 27k0 ZmN (k-2 7k 2)
ksk _ Fae
Afska fd3xn e i(ky+ky—Kk3—Ky) X
kik> 4m2N2 v

B Linearization

ay (t) = Afc) + b% (), (A%: C-H,

» AE = \/N57€6
i0cbg = Ty [(ME + NAES) by 42

Total number

N =)- <aﬁaﬁ> |A| +Zk¢0<b b~>

kk’

classical description
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IIA% >> b%” )

[ @) corresponding to classical description ]

00 pt ] +0(b?)

deviation by quantum effect
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B Homogeneous background (W = W, (t) )
BY = \/n—oei&u-t

A
[ ng: const., Sw = [Ano ]

8m?2
2
ch ;— —dw —0w b%
M 0, (b'l' ) =" 32 (b'l' > + O(bz)
—Tc +6(1) —% + 5(1) —%

for k> k; =V4idmdbw
]

by (t) = ‘ cosw(k)t + i%sm w(k)t) b+ (0) — lﬁsm w(k)t bJr (O)

i

Sw—k2/2m ) . .
o) sinhy(k)t )by (0) — i e

Quantum k| =, =
fluctuation (o) = o |kf = k?

is growing!

for O<k<k]

by (t) = (cosh y(k)t +i )smh y(k)t bJr (0)

t ) o tho) o N kfe/am
k¢6<bﬁbk> z:0<|%|<k]<bﬁbk> 32nv2mmt N

2m1 32m3/2n,
t~ =0
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(duration of classicality) H




4. Classical vs Quantum description
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B Ex. 2) Numerical results by simplified model (five oscillators)

2018/7/25

Hamiltonian

_ V5 T 1 kl T
H=3)>_,na,a, +4Zi’j’klA akala a;
1><3 1><4 N
2 2 2 3 2 4
1><5 2 5 3 5
3 3 3 4 4 4

energy level

3
I

EOM : quantum
iatan — [a’Tll H]

=na, += Zusz aka a;

EOM : classical

i0,A, = nd, +- ZURZA""ATAA
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=)
=)

( Nn)

N, =

= (x |a,1;an| )

|4
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Oscillator 1
Oscillator 2
Oscillator 3
Oscillator 4
Oscillator 5

B Results 100 100 — 2sinh?(yt)

80 F

B Quantum

60 F
. _ 1 kn T
i0;a,, =na, + gzi,j,k,l A aga;a;

(M)

Initial state l

10,100, 0,0, 0) 20

100
M Classical g0
. 1
i0¢An = Ay + 53 0 MTALAA; o

Initial state =

N, = N; =N, *

= N5 = 0, 20 +

N, =100 .
0.2 0.4 ; 0.6 0.8 1.0
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5. Gravitational self-interaction
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B Ex.3) Gravitational Self-interaction

Hamiltonian [ G : Newton constant ]

H=[,d3x—(Tyt(t, D) (Fyt D)

SO p i f, dy T D D == T Y )
2 vV V y ’ ) bz.’_)—;l ;y ;y
EOM
. 1 = . + ,_, ,_,
i) = [~ 5.7 +mo|y p(t, %) = —Gm [ a2y LD
: gravitational potential

M Classical description

Density perturbation:
5 5 2/3
5t k) =c() () +D00 ()
B Quantum description
t 2 £
Noy = 20<|E|<k]< Ebz> ~ 0.26NGm?ymE. ()

: L 1
Duration of classicality : t. ~

L (Gm?2ymt,)1/?
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6. Summary

B When the axion thermalize, all conditions for their BEC are satisfied

B We estimated the duration of classicality with attractive contract
interaction in case of the homogeneous background

2m1 32m3/2n,

M Attractive A¢p*:  t, ~ —=In—5—2
K K

1
~ L (Gm?2ymt,)1/2

M Gravitational self interaction : t,

B The parametric resonance causes quanta to jump in pairs out of the
condensate into all modes with wave vector less than some critical
value
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