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Oscillons: introduction

Example: scalar field theory
Bp — Do =—V'(p)

V(p) = = tanh?

t =10.00

d=3
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Introduction: oscillons in cosmology

@ nucleate during generation of axion or ultra-light DM

Kolb, Tkachev '94

™ Vaquero, Redondo,
-t Stadler '19

o
». » Buschmann, Foster,
ke e Safdi 20

@ accompany cosmological phase transitions
Dymnikova, Kozel, Khlopov, Rubin '00
Gleiser, Graham, Stamatopoulos '10

o formed by inflaton field during preheating
Amin, Easther, Finkel, ‘10
Hong, Kawasaki, Yamazaki '18

Why are oscillons so long-lived? How to describe them? J
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Previous methods of describing oscillons

Kudryavtsev '75;  Bogolyubsky, Makhankov '76
Piette, Zakrzewski '98

Gleiser et al. '10; Ollg, et al. '20
lo| <1, R>m1

Dashen, Hasslacher, Neveu '75
Kosevich, Kovalev '75

Fodor et al. '08;  Fodor, et al. '09

@ Numerical methods

@ Perturbative expansion:

Small-amplitude oscillons

Develop description of oscillons at large .
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Effective Field Theory: action-angle variables

@ Main idea: consider large-size oscillons

@ Zero order approx.: 02p — g = —V'(¢) = Nonlinear oscillator

V() @ Exactly solvable: action-angle variables
(Mo =9) [(p,9) = (1,0)]
¢2
e Hamiltonian: h= 5 + V() = h(l)

o Explicitly: 1o, 3) j{mdcp
(¢, #) /\/h— dy'

@ Classical solution:

Oh
al
o General case: ¢ = ®(1,0), o =T1(1,6)

(o = arcsinh ( 77
h(l) =1—1%/2.

| = const, 8 = Qt + const, | Q2 =
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Effective Field Theory: leading-order effective action

e BUT oscillon depends on x = | = I(x), 6 = 0(t,x), but slowly
@ Let us derive effective action:

S = /dt ddx<;sb2 - V(p) - ;(3,-@)2)

—— ——
10:0 — h subleading
@ Averaging over period
1 27T
@f — (019 = - [ (@:(1,60))* do
T Jo

@ Slow-varying 0;1, 0;0 are moved out of the average

(8:1) | (9:9)
wi(l) — pe(l)

= @02, o= ((099)2) 77
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Effective Field Theory: properties

Effective action in the leading order

2 (0i0)?
Se —/dtddx<160 nny — i) , )
©) = 1
@ Introducing complex field > 2 -
Y(t, X):\ﬁ~ef"9 gives pr=12-0N*(1-10% pw=I1"-1

’(?,U‘ 1

S = dtd¥x ( i Oph — h — — —— [*?(90 +h.c.>
" / <Iu v 2p1 22 [0’ }

nonlinear Schrodinger model

Form factors: 11; = pi(||%),  h = h(|]?)

o Global symmetry: >0+a = P —ew

l

e Conserved charge: N=[d = [d |2
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Oscillons — solitons in EFT

Attraction + charge conservation = solitons!

@ Stationary ansatz:

p=1(r)e ™t or 0 =uwt

@ Alternatively:

minimize the energy E at fixed charge N.

@ Oscillon profile equation Q=0h/0l
242
—WAw_( 1/’) (1/’ /u/)+f2w—w¢
@ At the oscillon: 6E = wdéN for all variations = w = dE/dN .
o Physical interpretation: N — | number of particles”
w — ,.energy of a particle”
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Example: V(p) = %tanth

e ODE is integrable
X = —=—===arctan (v)

V2o -1 Vw1
arctan —= C(¢)
Vow V2
arctan h C(w) """ leading-order EFT

1
= T A A o  exact simulation
V2 —2w V2 - 2w ¢ simulat
) = — — 2 w04
where (1)) = /2 — 2w — 2 2
S-

coincides!

@ Oscillon profile: 0.2 .
o(t, x) = d(Y?, wt) o c/f i D\\m
10 0 10
ew—1: Rx(l-w) 2= x
NR limit
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Example: V(p) = %tanh%y

@ N and E — also explicitly computed:

arctan/1/w —1,

1
E=——= arctan —— + 2\/ 2w arctan RV l/w -1 s
V2w —1 w—1/2
1.5 %0
o
%3
°3
1 I
Z,
0.5 F — leading-order EFT
o exact simulation
1 1 1

0.85 0.9 0.95 1
w

@ For d # 1 — profile 1(r), N and E are found numerically.
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Oscillons: existence, longevity, stability

@ In the EFT — existence conditions can be derived Coleman '85

vie) b= 1(0), Q)= 0dh/dl

Existence conditions.

Q(I0)<m % /L/’ISI()#O

——
h(/o)//o <m non-singular EFT

0 12

o Longevity. Profileeqgs. = w—-Q~(mR)?< 1

[1dQ/dI| < Q/1]

— conditions for EFT
— longevity of oscillon

@ Linear stability

’dN(w)/dw < O‘ (Vakhitov-Kolokolov crit.)
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Oscillons: restoring V(i)

B v dh V(p)
"D(V)_/o Q(h)V2V — 2h :

2 ways of achieving [dQ/dl| < Q/I:

@ Small-amplitude approximation:
83
4

_122 4, 85 6
V_§m<p+ cp+€cp + ... 5 0

@ Special cases of flat Q(/), e.g.
Q= Qo+ (1), 6Q(l) < Q.

o ~
V= 2020)? O~ 0+ o)

monodromy
2 p=09

_ 1,272 ¥
Vili) = 2 |1+ ) -1, =
p—1 Oll¢ et al. 20

o E.g. monodromy potential
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Corrections

e Goal: Develop asymptotic expansion in R™2:
corrections
1 2 3
Si= SP + P 4+80+...
—~ O~ =~

RO+R-2 R4 R6

@ Field corrections:

=1 + 6l , 9= 0 + 60
~— =~ ~— =
slow fast slow fast

(oly =(60) =0, ol <, d0<¥b
@ Solve egs. for d/, 66

T[050AD] 1
0~ ———=, 0~ —=3012-Z[0]] = Z[07PAP — (O;PAD
g 00 g0 TN - Tloeae - drens)] |

-0 _ _ o
7[f] / F0)VdT — A — primitive, & = &(1,8), Q= Q(T)
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Second-order EFT: oscillons

@ Plug 6/, 60 into action = S = Se(f:_lf) + Ségf), 0 = wt
SR = [ ded’x [ch (00)* + e bAV(OV) + s (AuY] J
Note. Four spatial derivatives d;(1)?) — form factors
e Oscillon profile | = ¢/%(x) leading-order EFT

—— second-order EFT 7%
o  exact simulation j

can be found perturbatively:

=10 4 7@, sWIW]min =

lL S
2¢(1) (2) > _
1) 5_eﬁr 7o) _556_3. 0.2 w=0.91
512 ol N o
@ Oscillon field: 0 -10 0 10
X

o(t, x) =& (I + 61, wt + 66),
51 =68I(I, wt), 60 =30(1, wt)

Vasily Maslov (INR RAS & ITMP MSU) 2022 14 /19
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(a) d=3 leading-order EFT ---- (b) d=2

250 <

. second-order EFT —
““ simulation o
Ry 150 - 3]
Po
©°0 00 gop
50 1 1 1
0.85 0.9 0.95 1
w w
(c) d=1
1.5 k|
1 \a\}\.
0.5
0 1 1 1
0.85 0.9 0.95 1
w

EFT, even for lesser w, works better at smaller d. Why?
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Limitd — 0

@ Analytically continue field equation to d < 1:

d—1
f@—f¢——7f&w=—ww)

@ Substitute r = 0:

D20(0) — d 97p(0)

vanishes at d=0

= —V'(¢(0))

Oscillator at d =0, r =0

¥

oscillator

bulk

0 N 7

@ There are exactly periodic solutions at d = 0.
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Small-amplitude expansion vs. EFT

Reminder. different expansion parameters:

R~ — 0 at finite ¢ (EFT),

leading-order EFT
second-order EFT
exact simulation

05+

leading-order SAE
— — second-order SAE

e}

0.85 0.95
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R~ ~ ¢ — 0 (small-amplitude)
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Results & Discussion

EFT.

Sole parameter of the expansion: (mR) 2
Global U(1)-symmetry = oscillons
Conditions for existence of long-lived oscillons:

attractive
V()
nearly quadratic potential

d = 0: exact oscillons and exact EFT
Generic models: ¢ = ®(1,0) = 11V + 132 + ...
systematic small-amplitude expansion

Perspective.

EFT for monodromy potentials ¢, n — 1
Decay of oscillons — nonperturbative in EFT?
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Thank you for your attention!
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Oscillons: existence conditions

/ P
o Audliary fild  x(/) = /0 o’ [ (1] 2 = 2 /0 TN

(x)] ,

normalizes the gradient term: F — /ddx B(a, )
where U,=wl—~h.

@ Spherically symmetric oscillon:
62x—i— Loyx = —dU, (x)/dx

Existence conditions: Uy (x)
0.02

omaxaty =0 = w<m

Uy, >0, d>1
TOEL DR by iR - S D N
x0=x(0), b=1(0) 1
o), w2 )/ lo, ] o
w > 0), W 0)/1o, i
ot 1<lo#0 V= %tanh2 0, w= 0.8
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Oscillons: possibility of parametric resonance

Possible parametric resonance: for wave vectors k ~ O(m):

(07 + kK)o = =V"(d(lo, wt)) 6 (I(r) = k)

Resonance bands width: 6k ~ |V _|/k
Growing modes d¢(t, k) should be localized inside oscillon

Sk'<R = |V

OSC|R Z m
o EFT regime: near-quadratic potential
VI |/m? o< |dInQ/dInl| ~ (mR)~2

{

V2 IR/m~(mR)™' <1 == no parametric resonance
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Corrections: technicalities

@ Solve eqgs. for 6/, §6

861 = jo(I, 0), Q2= 0h
_ where Jo = 0pP AP,
9:060 = Q(1) — (@) —ji(1, 0) , ji =00 Ad — (9,0 AD)
@ For second-order EFT we find 4/, §6 in the leading order
\

or ~ (0:0)0;,  ji(l,0) =~ j(l,0),
Q—(Q) ~ 0199, js(l, 0) ~ jo(T, O)
o Fast-oscillating parts in the leading order:

T0jo(7, 5)] 1 B
Ol ~ ————% 00 = —= 3 07Q2(1) Z[oI(1, 0)] — Zji(1, 6
S 5.7 0TI, 8] = T (7, )}

[f] = / F(7) di— / F@)dl ) satistying (ZIf]) = (f) = 0.
@ Second-order correction to the efFectlve action

ST 81 = [ deas | Gitli) — s (Tl |
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Integral quantities (e.g. energy)
o Volume element:  d9x = Sy_y(ur)9dr/r, Sq_1=2n%2/T(d/2),
ed—0: Sy1xd—0, dr/rdiverges at r =0.

E=FEy+ E£1d+ 0(d?) (“core” 4 “bulk")
Eo = (6t<p0)2/2 + V(po), Ei= / 1/) dr/r+ Egln(cpe), |e—=0
p(r) = (0ep)?/2 + (8i0)?/2+ V(p), c=e"¥/2/r ~ 237

o Bulk energy conservation: {J) = Joo = const — stationary flow

0tE1 = Jop—J
@ Flux radiated to infinity: 8 o
J=— rll>moo r10,00,¢ %
o Flux from the origin: 0}
Jo = _8t908390}r:0 0 165 2-10°
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Small-amplitude expansion from EFT

o lf2=m?>—w? < m? R~ O(el), Iy ~ O(?), ¢ ~ O(e)
4

both EFT and small-amplitude expansion are applicable.
@ Generic scalar potential, m = 1:

1 83 85
V=@ + S+ 2604
VT et

@ Action-angle variables — as half-integer series

® =2/ cos + (2/)3/2% [cos(30) —6cosf]+...,

_ 3 5 3 5 17 5
h—/+8g3/ +y3l7+.. BE158 " 51 8
o EFT form factors — as series
1 1 9 1
== - o(l dz3 = — + O(l
a8t () 3= 5, 1O
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Small-amplitude expansion from EFT

e Effective Lagrangian (up to second order):

2
FO 4 F2) = / d?x {; (9i)? + %w + ggw“

9 4 1
5 & () + U 30— (A0) 4 0(68)}
@ Search for solution perturbatively in e:
€ €
V=7 p1(x) VG [4p3(x) — pr(x)] + O(€”)
l

-2 3 3 _
€ “Ap1 —p1—38pP7 =0, ) . |
72 9 2 o 5 3g 5 . odor et a
€ Ap3 - p3 - 1 g3p1p3 - (% + ﬁ) pl . Phys. Rev. D. 78,
025003 (2008)
[arXiv:0802.3525]
@ Oscillonic field:
&

3 (ep1)3 cos(3wt) + O(€°) ,

o(t, x) = (cpr + p3) cos(wt) +
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Numerical simulations

@ To absorb the outgoing radiation we introduce the sponge H(r):
(07 + H(r)d: — D) o = =V'() ,

H(r)=0at r <Rs,
H(r) smoothly increases at r > R;s

{

Outgoing scalar waves fade out exponentially at r > R;.
e Starting configuration: [-balls ¢ = ®(0, /(r)) with various w.
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Second-order EFT coefficients for V(y) = L tanh® ¢

Na= 211 -DNE2-D]"", 2=T/2-1)

Cl =

In(1 — z2) 9;N3 { 2-2] 1  9;Na } (OiNa)® . , >
_2)9 . AL,
G2-0 \I@-n w N JT e M)
N3 { 431 6 Na 1 }
( b

m1-D2-TP \0=De=D) ° N '@

2In(1—2Z)N; [ 2—21  39;iNa 1} 2N;
w1 —=NER2-1)2

2T 2= {/‘(271‘)_ Na w
o= P {rn (@) - 052}

di =160t + 8’ + 4c, dh =80+ ), di=40’c,

N3
+ cIu2A Lis(23) ,
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Introduction: oscillons

t =0.00

o(t,r)
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