Metastable

multiparticle resonances:
from Q-balls to helium-3 droplets

Dam Thanh Son (University of Chicago)

Wolfgang-Pauli-Centre Theoretical Physics Symposium
November 9, 2021



Congratulations, Valery!




References

® Dam Thanh Son, Misha Stephanov, Ho-Ung Yee, to appear



Plan

Metastable Q-balls
Decay rate of metastable Q-balls
Many-particle resonances: general theory

Helium-3 droplets



Model

® Consider a complex scalar field theory
L =101 = V()

V() =m?|p)* =21 p|* + A

® attractive two-body interaction, repulsive three-body

® This model has Q-balls (nontopological solitons)
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Existence of Q-balls

10.2. Q-mapni B TEOpPHAX
C IVIOCKMMH HANpPaBJICHUAMH

Ecnu B Mozenu MMeercs Bcero OQHO KOMILUIEKCHOE CKAJIIPHOE IToJie, TO
CYLLECTBOBAaHUE WJIM OTCYTCTBHME HETOIOJOTMYECKMX CONMTOHOB ((Q-IIapoB)
CYLIECTBEHHO 3aBUCHUT OT ¢OpPMHI CKAJISIPHOrO ITOTeHIIMaNa. B 3ToM pasnene
MBI PaCCMOTPHUM MOJIeJIb C JIarpalKMaHOM

rae & — KOMIUIEKCHOE CKaJISIpHOE 1101, a CKAISIpHBIN noteHman V(|®|) nMe-
er aGcomoTHHN MuHMMYM Tipy & = 0, Tak yto robansHas U(1)-cumMeTpus
3 - e'®
He HapyllleHa B OCHOBHOM COCTOSSHMM. MBl yBHIMM, YTO @-IIapel B STOM
MOZEeNN CYLIECTBYIOT, ec/ii QYHKIIUSA
v(lel)
|®|2

212 lhasa 10. Hemonono2u4yeckue conUMOHbI

¥MeeT MUHHMYM TipH |®| # 0 (KoyimeH, 1985). DTOT MUHUMYM MOXET UMETh
MecTo mpu |®| = 00; WA 3TOrO Tpebyercs, YTOOH CKANSPHEIA MOTEHLHUAN
poc mpu Gonsmux & MemteHHee, ueM |®|?, T.e. GBUT JOCTATOYHO IUTOCKHM.
Tl10CcKMe HampaBlieHus] CKAISPHOrO NOTeHIHMana (MOMYNTHM) XapaKTepHH IJIs
CYIepCUMMETPHUYHBIX TEOPUiA, TaK YTO B TAKUX TEOPUSX BIIOJIHE BO3MOXHO
cymecTBoBaHMe @-mapoB. MccienqoBaHue CBOMCTB ()-1IapOB B CYIIEPCUMMET-
PHYHBIX pacurupeHUsx CraHmapTHOM Moledu (PHU3UKM YaCTHULI M BO3MOXHBIX
MpOsBJIEHUM 3TUX 06BEKTOB B aCTpPODHU3UKE U KOCMOJIOTUM ITPEACTAB/IsET 3HA-
YUTEBHEIA MHTEpPEC, TIPY 3TOM B KAa4eCTBE IVIOGAJILHOIO 3apsAna MOXeT (XOTd
M He 06sI3aTe/IbHO) BBICTYIIaTh GApMOHHOE YHCIIO, JIETITOHHOE YHCIIO WM MX
koMbuHanusa (Kycenko 1997, Ipanu, Kycenko, IllamomHuxos 1997).

“We will see that in this model
Q-balls exist when the function

V(| @)
@ |

has a minimum at |® | # 0”
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® Finite chemical potential:

L =10y —iwp|* = |Ve|* = V(g)

Effective potential

Vesf(@) = m> = )| 1> = Al + 41 0 |°



Q-balls

1st order phase transition between vacuum and and
a finite-density liquid state

Large number of boson: form a finite density “bag”

4 ; ,
E = 3R8+47Z'R6

® for a large enough bag (large enough N) gain in
volume energy overwhelms loss in surface tension

But what happens if N is not large enough!?



Nonrelativistic limit

® For simplicity, consider the nonrelativistic limit

IVy|> g 6
+Z|W|4_Z|W|6

Z = il/ﬂatl// m

® Minimize the energy

” V> g . 8. .«
H= | dx + —
| ( " 4Il/fl . |y ]

at fixed number of particles N = | dx| |

Y

Variational t al :
ariational ansatz: = X
® v (27E2)32 b 4£2
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Q-ball “phase diagram”™

see also Levkov, Nugaey, Popescu 2017

Q-ball stable
no Q-balls metastable Q-ball

® What is the lifetime of a metastable Q-ball?

® we need to find the instanton (bounce) solution



Almost unstable Q-ball

AL

quantum mechanics of | d.o.f.

[" ~ exp l—cN(
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Qualitatively: tunneling under a 1/R? potential

l R
Sg = | dR\/2M(V(R) — E) ~ N In —==

J Rmin

cN
F~e‘25E~<£) c ="
E()




Euclidean equation of motion

® l/jzeigf
® Go to imaginary time t = —it,0 = i@
0-(f%) + V- (f*Vp) = 0 ;o VN exp<—f)
\V/ 2 V2 o (271"7‘)3/4 41
8790+(;0) ‘|‘2—fif:() T‘2 2
QDZE—I—ZIHT
(V =0)

BN (dR 3N _ R
Action: logarithmic integral: — | = —  pMax

3N/2
E
width: [ ~ ™2 ~ (—)
Ly




| essons learned so far

Bound state of N bosons does not disappear right
away if its energy becomes positive
instead it remains a resonance

Resonance is narrow I' < E for small E if N is large
Questions:
® What happens at smaller N? say N=3 or N=4?
® is resonance narrow at small energy!?
® if yes,whatisI'(E)?

® (N=2:bound state simply disappears, no resonance)



Width of resonance at
small N

® For small N, classical instanton calculation is not
available

® But we can still find the width of the resonance at
low energy

® |magine that the interaction can be tuned, N-body
bound state disappears: energy crosses 0

What is the width as function of energy 1'(£) ?



Effective field theory

® When the energy of the resonance is small: low-
energy effective field theory

o vertex V¢V
® decay rate determined by phase space
2

o [ Tavaes( To)o( T2 - £) - £
“ a=1

® reproduces instanton calculation at large N, but
valid at small N as well (only for small E)

o N=3:T'~FE? « E, narrow resonance



Fermion droplets

For a fermonic droplet: no semiclassical instanton
calculation

Behavior of width can still be found by EFT

Vertex: gV o 0 o 02y 0,0, 0,0y...
-8 \PTON[V/]

Result: ['(E) ~ EA™2, A = dim[Oy]

® A = ground state energy of N fermions in harmonic
potential of unit frequency



Helium droplets

® Helium has 2 isotopes: He-4 and He-3

® both are self-bound liquids at zero temperature in the
thermodynamic limit

® Helium-4 droplets are bound for any number of atoms

® but He-3 droplets are stable only for N > N,

® numerical estimate: 20 < N, < 40



Helium-3 droplets

TABLE II. Binding energy (in K) determined at the JCI3 ap-
proximation for several *Hey drops as a function of the number

of spin-up (N;) and spin-down (/N|) atoms. Results are given for
the two Aziz potentials HFDHE-2 [10] and HFD-B(HE) [11].

N N; N S, HFDHE-2 HFD-B(HE)
40 20 20 0 —2.55 = 0.07 —3.90 = 0.07
39 20 19 1/2  —187 £0.09 —3.17 = 0.10
38 19 19 0 —1.05 = 0.11 =229 = 0.11
37 20 17 3/2  —042 *+0.08 —1.62 * 0.09

36 20 16 2 0.06 £0.09 —1.09 = 0.09
36 19 17 1 0.30 £ 0.10 —0.86 = 0.10

35 1 16 076 = 0.08 —0.33 = 0.09

3420 14 3 1.3 *0.06  0.09 =006
34 17 17 0 1.71 = 0.06 0.67 = 0.06
33 20 13 7/2 1.49 + 0.09 0.56 * 0.09
33 19 14 5/2 1.58 = 0.08 0.66 = 0.09
33 17 16 1/2 2.07 = 0.09 1.15 + 0.10
32 19 13 3 1.92 = 0.09 1.04 + 0.09
32 16 16 0 2.68 + 0.07 1.81 + 0.08
31 20 11 9/2 2.24 + 0.07 1.42 + 0.07
31 17 14 5/2 2.46 *= 0.09 1.62 * 0.09
30 20 10 5 2.15 = 0.09 1.35 = 0.09
30 19 11 4 2.53 + 0.07 1.73 = 0.07
30 17 13 2 2.82 *+ 0.06 2.02 + 0.06
30 16 14 1 2.89 + 0.06 2.09 = 0.07
20 10 10 0 3.44 * 0.05 3.01 + 0.05

Guardiola, Navarro, Phys.Rev.Lett. 84 (2000) 1144
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Metastable He-3 droplets

® [et NV, be the minimal number of He-3 atoms that
can form a bound droplet

ENy) <0, E(Ny—1) >0
® Then droplet of N, — 1 atoms is metastable

® but cannot decay by emitting one atom:
E(Ny—2) > E(Ny— 1)

® The droplet can only decay by “explosion” into
free particles

® How long the droplet lives!?



Energy dependence

Let’s assume N, = 29 (smallest in literature),
consider a droplet with 28 atoms

Ground state of 28 atoms in harmonic potential

3 5 7 0
A=2X—4+6X—4+12X—4+8X— =96
2 2 2 2

I\ A2 £\ 933
r~ [ — N el
kg kg
E~ 1K E,~40K: life time > age of Universe

but will become shorter for 27-, 26-atom droplets



® There exist metastable He-3 droplets of O(10)
atoms with lifetimes ranging between fraction of
nanosecond and the age of the Universe

® A more precise statement is difficult to make



Conclusion

® Metastable multiparticle resonances exist in
various contexts in physics

® Behavior of the width at small energy is power-law
with a known power

® Helium-3 metastable droplets exist, decay by
explosion into free atoms



