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By measuring the density fluctuations in a highly elongatedikly interacting Bose gas, we observe and
quantify the transition from the ideal gas to a quasi-cosd&nregime throughout the dimensional crossover
from a purely 1D to an almost 3D gas. We show that that the eettamsition region and the dimensional
crossover are described surprisingly well by the modifiedgr&ang model. Furthermore, we find that at
low temperatures the linear density at the quasi-conderneatsition scales according to interaction-driven
scenario of a longitudinally uniform 1D Bose gas, whereabigh temperatures it scales according to the
degeneracy-driven critical scenario of transverse condensation of a 3D idasl g

PACS numbers: 03.75.Hh, 67.10.Ba

Low-dimensional (1D or 2D) systems can have physicakameters, the chemical potential becomes non-negligdste c
properties dramatically different to their 3D counterpaBx-  pared tofiw  only in the quasi-condensate regime so that the
perimental realizations of such systems in recent yeare hawdimensional crossover occuring in the quasi-condensate tr
been particularly exciting in the field of ultracold atomisgs  sition is relative to7T" only. Although the atoms in our ex-
[, E]. Here the reduction of dimensionality is achieved By u periment are trapped longitudinally, we probe the physies o
ing highly anisotropic trapping potentials, in which lowsy  longitudinallyhomogeneousgas because the longitudinal con-
the temperature leads to “freezing” out certain motional definement is sufficiently weak and the density fluctuations are
grees of freedom to the respective ground state. For situmti measured locally. We find that the transition in the entire di
when the “freezing” is not perfect, an intriguing fundanant mensional crossover is well described by the so called modi-
question arises: How the low-dimensional and the 3D physicfied Yang-Yang model (MYYM)[[9], in which the atoms in the
get reconciled in the dimensional crossover? transverse ground state are treated using the exact thgrmod

In this paper we address this question for a weakly internamic solution of the 1D Bose gas model with contact interac-
acting Bose gas that is confined transversely by a harmonitons ], whereas the atoms in the transverse excitedsstat
trap of frequencyw, /27, but is homogeneous and is in the are treated as independent ideal 1D Bose gases. This shows
thermodynamic limit with respect to the longitudinal direc that the quasi-condensate transition maintains its 1Diphys
tion. The 1D regime is obtained when the thermal energycal origin even for temperaturés; 7" > hw, . Moreover, by
kpT and the chemical potentialbecome much smaller than monitoring the linear density at the quasi-condensatiamsir
the transverse excitation enerfyy | . In the absence of inter- tion, we show that the physics is continuously modified exros
atomic interactions, the homogeneous 1D gas is charaateris the dimensional crossover. In the 1D regime, the transifon
by the absence of Bose-Einstein condensation. In the 30 limibroad, interaction-driven, and scales as expected fronhdie
however, forkpT > hw, , a sharpransverse condensation  ory of weakly interacting gases. In the 3D limit, the traiosit
is expected: the atoms accumulate in the transverse grounslruled by the ideal gas scenario of transverse condemnsatio
state due to the saturation of population in the transvgrsal and the transition density no longer depends on the interac-
excited states, yet the resulting 1D gas is still uncondinsetion strength. We give a theoretical prediction for the tenap
with respect to the longitudinal stateq] [3]. Incorporatingture of this dimensional crossovét, -, and show that, unless
weak repulsive interactions, one expects, in the 1D limit, ahe interactions are extremely wedlgTpc ~ hw, . Dimen-
smoothinteraction-driventransition from the ideal gas regime sional crossover in other ultracold gas systems has bedn stu
towards the so-called quasi-condensate reg[ne [4] charact ied both theoretically[[11=14] and experimentally] [[5, 18]t
ized by suppressed density fluctuations while the phade stilvithout comparison continuously throughout the crossover
fluctuates. Quasi-condensates can be also created in the 3DWe conduct our experiment on an atom chip ustBb
limit [EI], as observed experimentallﬂ [@ 7]. In this paper atomsinthéF =2, mpr=2) hyperfine state. The on-chip cur-
we investigate the nature of the quasi-condensate transiti rent carrying micro-wires realise an loffe magnetic traphwi
throughout the whole 1D-3D dimensional crossover. a longitudinal oscillation frequency ranging from 5.0 Hz8to

Our study relies on the measurement of atomic density flucHz and a transverse oscillation frequency ranging from 3 kHz
tuations, previously used to identify the two limiting reggs —  to 4 kHz. An ultra-cold gas in thermal equilibrium is prepare
the ideal gas and the quasi—condensﬂte [8]. Owing to a highersing rf forced evaporation. We then takesitu absorption
measurement precision, we now probe the transition iigelf, images of the atomic cloud using a nearly resonant laser at
cluding the crossover from a deeply 1D regime wWithil" < A = 780nm, as detailed irm7]. The imaging spatial reso-
hw, to an almost 3D regime withgT ~ 3hw . For our pa- lution in the object plane has an rms width of aboutr8,
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FIG. 1. Density fluctuations across the quasi-condensatsition, forkzT/hw, = 3.6 (a), 1.0 (b) and 0.09 (c). The measured atom-number
variances in individual pixelsid N?), as a function of the mean atom numie¥) are shown as circles, with the error bars representing the
statistical uncertainty. Different curves are the préditt from theoretical models, rescaled by the resoluticiofas = 0.53, 0.55 and0.4

for (a), (b) and (c), respectively (see text): modified Yafagrg model (solid), ideal Bose gas (dash-dotted), quasilensate (dashed) and the
Poissonian shot-noise level (dotted). The two verticay ¢irees give the atom numberg; = An; andN2 = Ans (see text). The insets show
the average density profiles, together with the predictfom® the same models (different curves are as in the mairhgjahe chemical
potentialuo in the trap center is deduced from the fit of the wings of thesitgmrofile to the ideal Bose gas EoS for (a), and from the peak
density and the quasi-condensate EoS for (b) and (c). Theoseillation frequencies are:; /2m = 3.0 kHz, w) /27 = 8.0(5) Hz for (a-b)
andw, /27 = 3.9 kHz, w) /27 = 4.0(5) Hz for (c). The absolute temperatures @re= 510 nK (a), 160 nK (b), and 18 nK (c).

whereas the camera pixel sizeAs= 4.5um. By summing [such asin Fig[|1 (a)], assuming a perfectly harmonic langit

over the transverse pixels, we derive from the images the lordinal potential, we deduce the temperature by fitting theg®in

gitudinal atomic density profile, thus reducing the notiéao of the density profile to the EoS of an ideal Bose gas,

pixel to a segment of length. The absolute calibration of the

density profiles is described ifi [17]. We perform a statigtic - 1 ZOO eon/koT 1
a=1

Ve ey @

analysis of hundreds of images, taken under the same experi- Ar
mental conditions: for each density profile and pixel, we ex-

tract the atom number fluctuatiétv = N — (N), whereN is ~ Here,Ap = /27h?/mkpT is the thermal de Broglie wave-
the measured number of atoms in the pixel Q_Nd its mean length, and the EoS is obtained summing the contributions of
value. The fluctuations are binned accordingA and the the transverse harmonic oscillator modes.

variance(d N2) is computed for each bin. Finally, we subtract ~For the coldest samples, because of the lack of pixels in the
the contribution of the optical shot noise, which is typigal ideal-gas part of the cloud, we deduce the temperature from
less than 20% of the atomic fluctuations. Figljre 1 shows typithe measured fluctuations in the quasi-condensate (central
cal results for 6 N'2) for three different temperatures, together part, using Eq[[1) and the heuristic quasi-condensate[E$S [
with the respective average density profiles. As the images a

blurred due to finite imaging resolution, the measured fhuctu p=hoy (V1+dna—1), ®3)
ations are reduced by a factocompared to their true values.
We deduce: from the measurement of atom numierrela-
tions between the adjacent pixels, as explaine(ﬂh [17].

For our experimental parameters, we can use the local de
sity approximation along the longitudinal dimensierfLg],
since the correlation length of density fluctuations, the pixel
lengthA, and the cloud lengtli satisfyl. < A < L. Thus,
the gas contained in a pixét, z + A] is well described by
a longitudinally homogeneous system in the thermodynami
limit, whose local chemical potential ig(z) = o —V(2),

valid in the entire 1D-3D crossover region with respect to
1, wherea = 5.7 nm is the 3D scattering length. This
I]’,|I_uctuation-based thermometry has an accuracy of ahiidGt
representing a viable alternative to the thermometry based
on the analysis of density ripples appearing after time-of-
flight [Rd]. A related fluctuation-based thermometfy][R1] 22
uses the knowledge of the longitudinal confining potental t
educe the gas compressibility./0p from the density pro-
lles. Although less general because of the assumption of va-

whereV (z) is the longitudinal trapping potential. The ther- idity of Eq. @), our method has the advantage to work in not

modynamic quantities can be derived from the equation oPerfe_ctIy charac_terlsed potennals. This is p?f“cu"m"_
state (EoS) —n(y, T) for a longitudinally homogeneous, but able m_atom-chlp expenm_ents v_vhe_re potent_lal deformation
transversely trapped gas, wher&s the linear (1D) density. In ng/ arlse|]]9(]j;ue todthte m'_CrO('th';e |mperf.ect|ot§|([121:>].f th
particular,(N') =nA and the atom-number fluctuations can be ncer andl are determined, tne experimental data for the
calculated using the thermodynamic relation atom number fluctuations are compared with different theo-

retical models without any further adjustable parametAss.
(ON?) = kT A(dn/du) . (1) Wwesee from Fig.|1, the two main regimes of a weakly interact-
ing Bose gas[[1d, 24] are clearly identified. First, at Iow)
Thermometry is done in two alternative ways. For hot gaseﬁ'le fluctuations follow the prediction from the ideal gas EoS
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ond main regime is the quasi-condensate regime, where den- g n. & 09/
sity fluctuations are suppressed by the repulsive intenasti < 10" ~ T - i
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The data in Fig[]1 indeed converge at lafgé) towards the oMny."
o . . g = Ideal gas
prediction of the quasi-condensate EﬂS (3) (dashed lines). 10° - ,,O—:'( -
To describe the transition between the two main regimes, e LT Ny
we use the modified Yang-Yang modfgl [9], whose EoS is e De——>»3D ‘
-1 0 1
o 10 10 kT /hw, 10
n=nyy(u,T)+ ijl(J + Dne(ps, 7). (4)
FIG. 2. Phase diagram in the 1D-3D crossover. The data at

Here, the first term describes the atoms in the transversg;T/hw, < 0.8 (> 0.8 kHz) are taken withu, /27 = 3.9 kHz
ground state treated within the exact thermodynamic solu¢= 3.0 kHz). The measured trar_lsition bour)darias(circles) and
tion of the 1D Bose gas modeDlO], while the second terny: (squares) are plotted along with the predictions from thewy
describes the atoms in the transverse excited states, eaf:‘ﬁ’"d g;ay.culqvez). The daSh'doltt%d lc‘g"e is the peT"h“"é.’aa'C“'h
treated as an ideal Bose gas with a shifted chemical pofﬂ'on.0 nu; all other lines are as labeled (see text), The inset shows
. . . . the dimensional crossover temperatiiec versusa/l, (crosses),

tential 4; = p — jhw, and a linear density. (1, T) =

9172 (e#/%5T) /A, whereg, /» is a Bose function. Since

fitted with a power law(a /1, )~?/1* (dashed line, see text).

a < lj in our experiment, wheré, = \/h/mw, is the
transverse oscillator length, we uge= 27w, a [R§] as the  This estimate can be obtained by considering the EoS of a
effective 1D coupling in the MYYM. highly degenerate ideal Bose gas~ +/m(kgT)2/2h2|y]|

The transition to the quasi-condensate state in a 1D gas o@], and requiring that| becomes of the order of the in-
curs when the chemical potential crosses zgrd [27], over graction energyn. In the low-temperature (1D) part of the
width p; = (mg?/h?)Y/3(kpT)*® [RH]. Neglecting corre- phase diagram, we have fitted the rhs of . (5) to botmghe
lations between the different transverse states, one q@@tex andn, curves, with two different prefactors=0.28 and1.1,
the excited state 1D gases to remain nearly ideal and heace thespectively. As we see, the experimental data and the MYYM
MYYM to correctly describe the quasi-condensate transitio follow the scaling law of Eq.[[5) quite well in this part of the
aslong ag,; < hw Orut/th_:[(kBT/th_)(a/lJ_)]2/3<< diagram. In contrast, the scaling law of the 1D degeneracy
1. Sincea/l; ~ 0.03 in our experiment, the MYYM can be condition,n;=1/Ar, does not account for the observed data,
expected to be valid up to temperatures significantly largewhich implies that the quasi-condensate transition is gee
thanfiw, /kp. The experimental data in Fiﬂ. 1 are indeed inby interactions and not by degeneracy. Note that the transi-
remarkable agreement with the MYYM prediction in the en-tion begins for a gas that is not highly degenerate, which is a
tire transition region and for all explored temperatures. sign that the data are lying close to the crossover towasls th

In the quasi-condensate regime, however, the MYYM un-=strongly interacting regime and which explains why the quan
derestimates the fluctuations at high densities. Indeeelnwh  tum decoherent sub-regime barely exists in Hibs. 1 (b)-(c).
is no longer negligible compared tov , the repulsive inter- In the 3D limit, kT /Aiw, > 1, n, converges towards the
actions produce transverse swelling of the density profila — linear densityn.; corresponding to the the ideal gas scenario
effect not taken into account in the MYYM. This effect, which of transverse condensation. This occurs when the peak 3D
is a manifestation of the dimensional crossover with resgoec  densityp, reaches the threshopd =2.612../\3,, giving @]
1 [[L8], is, on the other hand, captured by the EQS (3), which ©

better describes the quasi-condensate regime [sef] Fijj- 1 (b
wheregs /(1) = 1.34... For linear densities higher than |,

To quantify the quasi-condensate transition we define the
@toms accumulate in the transverse ground state, althaugh n

linear densities; andn, for which the measured fluctuations

are 20% lower than the predictions of Ed$. (2) dhd (3), respe& _ , : ,
single quantum state is macroscopically occupied. The 3D in

Jgraction parameter at the onset of condensatiofifar1 ;K

tively. Plottingn, andn againstzT'/hw, (see Fig|]2) maps

out the phase diagram and reveals the dimensional crosso 3 4 g - e
as we now explain. is ppa® < 1077, so that interactions have a negligible effect
In the 1D limit, k5 T'/fw, < 1, the quasi-condensate tran- in this transition. On the oth?r har)d, the ratig /n. is of the
! ! 2/117111/6 i
sition is expected to occur for a degenerate gas around tHyder OkaBT/h‘*’;%ga/ll) J'//%. For our experimental
density [2[2]7] parameters(l; /a)?/'' ~ 1.9 so thatn., /n; > 1 as soon as
’ kpT/hw, 2 3. Thus, one expects a quasi-condensate in the
ng o [m(kBT)Q/ﬁQg}

et = gsyo(1)(kpT/hw)?/Ar,

1/3 transverse ground state to emerge immediately after the-tra

(5)



verse condensation. As we see from Iﬂg. 2, EEh (6) and thstate of a given physical system.
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10hw 1, one expects only a small fraction of the atoms to be ]
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