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® Take a known quantum matter and make it more
quantum
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Quantifying quantum effects
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® | ennard-Jones potential
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® de Boer parameter

® A<<1:classical liquid/solid (zero point fluctuations
small)




Table 21.13 Parameters of the

Lennard—Jones Potential

Substance o(A) elkg (K)
He 2.556 10.22
H; 2.928 37.00
D; 2.928 37.00
Ne 2.749 35.60
Ar 3.405 119.8
Kr 3.60 171

Xe 4.100 221

0O, 3.58 1175
CO 3.763 100.2
N, 3.698 95.05
CHy 3.817 148.2

Berry, Rice, Ross, Physical Chemistry

N\ =0.436
A =0.275



“Ultra-quantum helium”

Imagine that one lowers the mass of the helium
nucleus, keeping it bosonic.What would happen?

Born-Oppenheimer approximation: potential
between atoms unchanged

lower m, larger A (more quantum)

Thus lighter helium will not solidify at zero
temperature and zero pressure, but what will
happen to the phase diagram!



Superfluid phase transition

® Naively: superfluid phase transition = BEC
transition

h2n2/3

m
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® . increases when the mass decreases

® Critical temperature of liquid-gas phase transition
decreases with nuclear mass (neon)



WWhat happens when two
temperatures coincide!
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Multicritical point?
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Theory of the multicritical
point
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Theory of the multicritical
point

Q(, @) @qb + gb —(hy Z2 liquid-gas critical point

+(t +@0)|Y|* + §|¢\4 U(1) superfluid phase transition

£ap|v]? — y¢? ||

The multicritical point has at least 4 relevant U(1)
symmetric deformations

But we can tune only 3 parameters: P, T, m



Mean-field model

® TJo get ideas of what can happen, we investigate
numerically the mean field model

- A
6, [6]) = 562 + 504 = ho -+ (¢ + WY + S |l! = ol

m: mass of the atom
t: temperature
h: pressure

In the numerics we fixu=1, A=1/2
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Induced first-order
superfluid phase transition

1 5 5 A
Vg, ) = "'Jrﬂ(&b) — 0|1 +§W|4

Integrate out fluctuations of liquid-gas order parameter

Var () = -~ + (% - %) o

Near the liquid-gas critical point x— o0, and the |p|*
coefficient becomes negative
The superfluid phase transition becomes first order
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Liquid-gas critical point disappears under the superfluid phase
transition line



Summary of mean field results

decreasing m
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What is the range of m?



Unbinding phase transition

o /Zwerger 2019: self-bound liquid disappears when
the scattering length crosses zero

® The vicinity of this point can be reliably studied
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Dilute self-bound liquid

() G
Y% = gnz + gng — Un,
 4mh*a a: scattering length
T T a<0,a—0
o hD D: three-body scattering hypervolume
T om (Shina Tan, 2008)

Reliable calculation in the regime a* « D, D>0

T=0: self-bound fluid with  n = g(—_Gg) = 6”(;:)
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All transformations of the phase diagram happen
between 4 u and .55 u



Physical realizations

® Unfortunately, helium does not have a bosonic
isotope lighter than He-4

® (He-6 and He-8)



Muonic matter
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Figure 2. With sufficient increase of the neutrino pressure, all the electrons of all the
atoms are converted to y-mesons. The new all-u-meson atoms are two-hundred
times smaller than the original atoms.

J.Wheeler “Nanosecond matter” (1988)



Muonic quantum liquids

isotope with the same de Boer parameter

“effective helium mass’’: the mass of the helium

replacing electrons by muons: reduce the effective
helium mass by 207 times

1He | 29Ne |*°Ar(3*Kr| Hy | Ny | Oy | CO |CHy
M g 4 |80.6|832(2790| 9.50 | 545 | 722|595 | 517
Mg (16)]0.020/0.412|4.23 | 14.10.051|2.79|3.69|3.04 | 2.68




“Light hydrogen™

Take hydrogen H; and replace protons by particles of
change +1 with lesser mass

muon: no self-bound liquid; pion or kaon: self-bound
liquids.

(lifetime 10-¢ or 10-8 seconds, long compared to atomic
scales)

Biexcitons in solids?

® want hole mass/ electron mass ~ 250-800



Conclusion

® |nteresting possibilities for liquids more quantum
than helium

® Can be simulated by quantum Monte-Carlo
(Massimo Boninsegni, Youssef Kora, Shiwei Zhang)

® 2D systems!

® realizations? using cold atoms!



Extra slides



Finite temperature

Integrate out nonzero Matsubara modes
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Results of finite-T calculations

® Tricritical point T = 2mh” [;LZ((S_)CZL%F/S
m 2
47 (—a) 2
ri — _— — T —
i = g = g =0)




