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Can one form a liquid of dilute ultracold bosons?
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Can one form a liquid of dilute ultracold bosons?

Beyond mean-field energy of the weakly-interacting Bose gas
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mean-field LHY, quantum fluctuations Phys. Rev 106, 1135 (1957)
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What if these two contributions could be tuned to have opposite signs?

G. E. Volovik, The Universe in a Helium Droplet, (Oxford University Press, 2009)
D. S. Petrov, Phys. Rev. Lett. 115, 155302 (2015).
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Toy model:

L 5/2
V—e—an + Bn
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Gas - liquid transition!
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Dipolar Bose-Einstein condensates
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Dipolar Bose-Einstein condensates

B Arha
om

Contact interaction V.(r)
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Dipolar Bose-Einstein condensates
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Dipole-dipole interaction  Vy4(r) = o p
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Characteristic length scales: v
Scattering length a 5
Dipolar | th a _ HoH
ipolar leng dd =
7 127 h2
ddd

Relative dipolar strength: €44 = —
a
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Dipolar Bose-Einstein condensates

—\ 2 .
Mean-field 6(77) = gn(ZT’) | n(;) /d"?Vdd(F/ - 77) n(f)/)
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Dipolar Bose-Einstein condensates

Mean-field e(77) = gn(zf’)Q | n(;) /dfF'Vdd(F/ —7) ”fl(??/)
et (0) = 2281 — 240 ()
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Dipolar Bose-Einstein condensates

5\ 9 S
Mean-field 6(77) — gn(;) | n(;) /d’FVdd(F/ — 77) n(F’)
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Dipolar Bose-Einstein condensates

128
15/

m Q5(€dd)

Beyond mean-field Ae =
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Dipolar Bose-Einstein condensates

15/8% vV na? Q5(€dd)

T T

LHY Dipolar enhancement
Lima & Pelster, PRA 84, 041604 (2011), ibid 85, 063609 (2012)

Beyond mean-field Ae =

3
Qs(caa) = 1+ 58(2101 + -
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Dipolar Bose-Einstein condensates

128
Beyond mean-field Ae = 15v/x Vna Qs(€qa)

T T

LHY Dipolar enhancement

Lima & Pelster, PRA 84, 041604 (2011), ibid 85, 063609 (2012)

3
Qs(ead) =1+ -efq + -

2

e(0) = 232 (1= caaf ) + g (1+ 330 Vet v
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Dipolar Bose-Einstein condensates

128
Beyond mean-field Ae = 15v/x Vna Qs(€qa)

T T

LHY Dipolar enhancement

3 5 Lima & Pelster, PRA 84, 041604 (2011), ibid 85, 063609 (2012)
gné (. 128 3 5 2
6(0) — T — gddf L 1+ §Edd) A=|\/ T
Oé
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Dipolar Bose-Einstein condensates

128
Beyond mean-field Ae = 15v/x Vna Qs(€qa)

T T

LHY Dipolar enhancement
Lima & Pelster, PRA 84, 041604 (2011), ibid 85, 063609 (2012)

3
Qs(caa) = 1+ 58(2101 + -

o(0) = %([—eddf o)+ +§>@ﬁ)

Oé
oz/ﬁ<() for k<1, eqqa > 1

Liquid-like state possible!
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Dipolar Bose-Einstein condensates

128
Beyond mean-field Ae = 15v/x Vna Qs(€qa)

T T

LHY Dipolar enhancement
Lima & Pelster, PRA 84, 041604 (2011), ibid 85, 063609 (2012)

Q5(€aa) =1+ geﬁd + -
ng (. 128
e(0) = g_o <£—5ddf j L 1+ 5dd V.a I\/ )
oz
oz/ﬁ<() for k<< 1, 5dd>1
2
Liquid-like state possible!  ng (%>

See poster by R. Bisset and arXiv:1601.04501 (2016) by F. Wachtler and L. Santos
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Dysprosium Bose-Einstein condensates

Dysprosium ('¢*Dy) =993 up
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Dysprosium Bose-Einstein condensates

Dysprosium ('¢*Dy) =993 up

m o p°
127 A?

Dipolar length  @dad = = 132 a9

Scattering length @ ape = 92(8) agp
Tang et al., PRA 92, 022703 (2015)
Maier et al., PRA 92, 060702(R) (2015)
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Dysprosium Bose-Einstein condensates
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add
€dd — . cqq = 1.42 at (bg
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Dysprosium Bose-Einstein condensates
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add
€dd — . cqq = 1.42 at (bg

Many Feshbach resonances
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Our experiment

high-NA
high-field objective
Helmholtz

COilS\

transport beam
& ODT 1

phase-contrast
imaging beam

High resolution phase-contrast imaging, 1 um resolution
at 421 nm (32.5 MHz broad), single shot
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Oblate dipolar BECs

Trap aspect ratio A = wz/wr = 2.9(1)

' k> 1
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Oblate dipolar BECs

Trap aspect ratio A = wz/wr = 2.9(1)

k> 1
3.0 - . .
L. Santos et al., PRL 90, 250403 (2003) .
: 25t (b)
- Uniform case (K — OQ): |
. . . 2.0¢
Roton-Maxon dispersion relation &
1.5}
Varies with axial trapping and
1.0t
short-range interactions os|
Softening — “roton instability” 0 . . .
0 0.5 1.0 1> 2.0

8 Bad Honnef 05/2016



Rosensweig / normal field instability of classical terrofluids

Rosensweig, R. Ferrohydrodynamics.
Cambridge University Press (1985).
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Rosensweig / normal field instability of classical terrofluids

Incompressible, variable magnetization
Competition between:
Surface tension, gravity vs. dipole-dipole interaction

Rosensweig, R. Ferrohydrodynamics.
Cambridge University Press (1985).
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Rosensweig / normal field instability of classical terrofluids

Incompressible, variable magnetization
Competition between:
Surface tension, gravity vs. dipole-dipole interaction

Dispersion relation of surface waves:

Softening of a minimum at the instability

>/ i
M

7.4 Dispersion in the w*~k plane. The upper quadrant corresponds to v = 0 and
++v real; in the lower quadrant y = 0 and *v real.

Rosensweig, R. Ferrohydrodynamics.
Cambridge University Press (1985).
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Sequence

A= w,/w, =2.9(1)

- Form BEC close to a Feshbach resonance
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Sequence

A= w,/w, =2.9(1)

- Form BEC close to a Feshbach resonance

Ad

P b
add
1 1.4 €qa = —
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Sequence

A= w,/w, =2.9(1)

- Form BEC close to a Feshbach resonance

Ad

- lower a down to apq

1 14 eqa=-2
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Sequence

A= w,/w, =2.9(1)

- Form BEC close to a Feshbach resonance
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Results

B=Bgec Uniform BEC

H. Kadau, M. Schmitt, M.Wenzel, C. Wink, T. Maier, I. F-B, T. Pfau , Nature 530, 194 (2016)

Bad Honnef 05/2016



Results

B=Bgec Uniform BEC

B=B1 £€3q = 1.4

12 um
H. Kadau, M. Schmitt, M.Wenzel, C. Wink, T. Maier, I. F-B, T. Pfau , Nature 530, 194 (2016)
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In Fourier space

a(,y)  Flatey)] (k)
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H. Kadau, M. Schmitt, M.Wenzel, C. Wink, T. Maier, I. F-B, T. Pfau , Nature 530, 194 (2016)
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In Fourier space

a(,y)  Flatey)] (k)

* L
:_ - k ‘.I..'.' Al . 0.04| droplets
‘_- . ngular averaging |
4 "X |

' B !
" i ¥ o ’ Extra spectral weight between
1.5 um"Tand 5 pm™!
> >
X ka; Quantitative marker of the transition

H. Kadau, M. Schmitt, M.Wenzel, C. Wink, T. Maier, I. F-B, T. Pfau , Nature 530, 194 (2016)
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Dynamics and lifetime

Droplet formation dynamics
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H. Kadau, M. Schmitt, M.Wenzel, C. Wink, T. Maier, I. F-B, T. Pfau , Nature 530, 194 (2016)

Rosensweig instability of a dipolar BEC

SYQMA 2015



Simulations

Elongated droplets, experimentally: £ < ().2

Presence of a dilute “"halo”

Wachtler and Santos, arXiv:1601.04501 (2016)
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Simulations

Elongated droplets, experimentally: £ < ().2

Presence of a dilute “"halo”
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Probing droplets in a waveguide
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Probing droplets in a waveguide
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Probing droplets in a waveguide

l. F-B, H. Kadau, M. Schmitt, M.Wenzel, T. Pfau, arXiv:1601.03318 PRL (2016)
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Probing droplets in a waveguide
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l. F-B, H. Kadau, M. Schmitt, M.Wenzel, T. Pfau, arXiv:1601.03318 PRL (2016)
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Measuring density
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Measuring density
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Measuring density

001 0.10 1 10
no (102° m=3)
Ag 2 h? n=1.7(1) x 10*°m~3

AE ~ —n=——A_Aat,t N
m

|. F-B, H. Kadau, M. Schmitt, M.Wenzel, T. Pfau, arXiv:1601.03318 PRL (2016)
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Density and lifetime scaling

o (g)QOC 1 (eddfm)—l)z
0 5] a3 1 %63(1
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Density and lifetime scaling
(g)QOC 1 (eddfm)—l)z
o= B a3 \ 1+ 22,

Hypothesis: no quantum fluctuations, but a three-body repulsion: €

Xi and Saito PRA, 93, 011604 6
Bisset and Blakie, PRA 92, 061603
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Density and lifetime scaling

87 : 1 €ddf(/€)—1 :
nOOC(E> OCa3< 1 %5(21(1 )

93
Hypothesis: no quantum fluctuations, but a three-body repulsion: € = —TL2
Xi and Saito PRA, 93, 011604 6
Bisset and Blakie, PRA 92, 061603
g (edaaf(k) — 1)
o X
93
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Density and lifetime scaling

87 : 1 €ddf(/€)—1 :
nOOC(E> OCa3< 1 %5(21(1 )

93
Hypothesis: no quantum fluctuations, but a three-body repulsion: € = —TL2
Xi and Saito PRA, 93, 011604 6
Bisset and Blakie, PRA 92, 061603

g (edaaf(k) — 1)
o X
93
N
Lifetime under three-body losses: ~ = —L3(n?) —» T = 1/L3 <n2>
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Density and lifetime scaling

87 : 1 €ddf(/i)—1 :
nOOC(E> OCa3< 1 %5(21(1 )

93
Hypothesis: no quantum fluctuations, but a three-body repulsion: € = —TL2
Xi and Saito PRA, 93, 011604 6
Bisset and Blakie, PRA 92, 061603

g (edaaf(k) — 1)
o X
93
N
Lifetime under three-body losses: ~ = —L3(n?) —» T = 1/L3 <n2>

7(a1)/7(az) = (n(az)/n(a1))? The lifetime increases with al

|. F-B, H. Kadau, M. Schmitt, M.Wenzel, T. Pfau, arXiv:1601.03318 PRL (2016)
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Density and lifetime scaling

. (a>20< 1 <eddf<n>—1)2
" b a® \ 1+ 3634
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Density and lifetime scaling

. oc(“)ro 1 <eddf<n>—1)2
" b a® \ 1+ 3634
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|. F-B, H. Kadau, M. Schmitt, M.Wenzel, T. Pfau, arXiv:1601.03318 PRL (2016)
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Summary

Identification of a new liquid-like phase existing thanks to |
quantum fluctuations

L
Observation of a finite-wavelength instability (related to the - e "
roton instability) o

Experimental verification of the density and scaling in the liquid-
like phase
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Thanks for your time!

T. Pfau . E.B. M. Wenzel
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