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We study the impact of spin-exchange collisions on the dynamics of Bose-Einstein condensation, by rapidly cooling a chromium multi-component Bose gas. Despite relatively strong spin-dependent interactions, the critical temperature for Bose-Einstein condensation is reached before the spindegrees of freedom fully thermalize. The increase in density due to Bose-Einstein condensation then triggers spin dynamics, hampering the formation of condensates in spin excited states. Small metastable spinor condensates are nevertheless produced, and manifest strong spin fluctuations.

Dilute quantum gases are especially suited for the investigation of non-equilibrium dynamics in closed or open quantum systems, for example associated to the physics of thermalization [1], prethermalization [2], or localization [3]. In particular, they provide a platform to study the kinetics of Bose-Einstein condensation. Soon after the first Bose-Einstein condensates (BECs) were obtained, it was for example possible to investigate how the BEC nucleates [4,5]. More recently, experiments performing a temperature quench below the superfluid transition investigated the dynamics of spontaneous symmetry breaking [6] and revealed the production of longlived topological defects [7]. The aim of this work is to extend the dynamical studies of Bose-Einstein condensation to the case of a multi-component Bose gas, in order to establish the mechanisms to reach both superfluid and magnetic orders. While these orders are intrinsically connected due to Bose stimulation [8,9] (which contrasts with the case of Fermi fluids [START_REF] Coleman | Introduction to many body physics[END_REF]), it was predicted that strong spin-dependent interactions induce spin ordering at a finite temperature above the BEC transition [START_REF] Natu | [END_REF].

We find that the dynamics of Bose-Einstein condensation is drastically modified due to spin-changing collisions arising from relatively strong spin-dependent interactions. Thermalization of the spin degrees of freedom is influenced by the occurrence of BEC, and in turns influences which multi-component BECs can be produced. Our experiment also demonstrates the difficulty to thermalize the spin degrees of freedom, which has a strong impact on the spin distribution of the BECs, and on their lifetime. This is of particular relevance for large spin atoms, and most notably for strongly magnetic atoms such as Cr [12,13], Er [14], and Dy [15] for which dipolar relaxation strongly limits the lifetime of multicomponent gases [16].

We induce fast evaporative cooling of a multicomponent s=3 chromium thermal cloud by lowering the depth of a spin-insensitive optical dipole trap (ODT) (see Fig 1a). When the gas is only slightly depolarized, the thermal gas of the most populated, lowest energy, m s = -3 state rapidly saturates (i.e. reaches the maximal number of atoms in motional excited states allowed by Bose statistics [17]) and a BEC is produced for this spin state. Saturation is also reached for the thermal gas in the second-to-lowest energy state m s = -2. However, surprisingly, this state fails to condense and the BEC remains fully magnetized. In contrast, when the experiment is performed with an initially more depolarized thermal gas, spinor (i.e. multi-component) condensates are obtained, although they remain very small (see Fig. 1) and show strong spin fluctuations. Comparison with numerical simulations based on the classical field approximation (CFA) [18] reveals that the difficulty to obtain a multi-component BEC is due to spin exchange collisions, which rapidly empty the condensates in spin excited states by populating spin states for which the thermal gas is not yet saturated. There is an intriguing interplay between condensation and spin dynamics, as the large increase in density associated to BEC triggers fast spin dynamics which in turn tends to deplete the BEC in spin excited states. The observed spin fluctuations in the BEC are ascribed to a combined effect of phase fluctuations due to symmetry-breaking at the BEC transition, and spin dynamics.

To prepare an incoherent spin mixture of thermal gases, we start from a thermal gas of 2.10 4 52 Cr atoms, at T = 1.1 × T c = 440 ± 20nK, polarized in the Zeeman state m s = -3. We adiabatically reduce the magnetic field B so that the Zeeman energy is of the same order as the thermal kinetic energy. Depolarization of the cloud is driven by magnetization-changing collisions associated to dipole-dipole interactions [19,20]. We obtain a gas of longitudinal magnetization M = -2.50±0.25, with M ≡ s i=-s in i (n i is the relative population in Zeeman state m s = i). We then reduce the trap depth by applying an approximately linear ramp to the ODT laser intensity in a time t S . This results in fast forced evaporative cooling of all Zeeman states (which we refer to as "shock cooling", see Fig. 1a). We study spin dynamics and condensation dynamics by measuring both the spin and momentum distributions as a function of the time t after the beginning of the evaporation ramp. This measurement is performed by switching off all trapping lights, and applying an average magnetic field gradient of 3.5 G.cm -1 during a 6 ms time of flight to perform a Stern-Gerlach separation of the free-falling atoms.

Fig. 1c shows a typical absorption picture. It reveals a BEC in m s = -3, and a thermal gas in spin excited states. We extract the number of thermal and condensed atoms of each spin state through bi-modal fits accounting for Bose statistics. We plot in Fig. 2 the thermal atom numbers as well as the condensate fractions in m s = (-3, -2) as a function of time t for a shock cooling time t S = 500 ms. We found similar results for t S = 250 ms and t S = 1 s.

The gray area in Fig. 2 highlights a relatively long cooling time during which the m s = -3 and m s = -2 gases hold approximately the same number of thermal atoms, and there is a BEC in the lowest state m s = -3 but not in m s = -2. This phenomenon is surprising, because it shows that the m s = -2 component fails to undergo Bose-Einstein condensation although its thermal gas is saturated. Indeed, m s = -2 and m s = -3 thermal atoms have the same measured mechanical temperature (within our 5% experimental uncertainty), experience the same trapping potential, and both interact through the S = 6 molecular potential with the existing m s = -3 BEC. Therefore the m s = -2 cloud has the same thermodynamical properties than the m s = -3 thermal gas, and like this latter spin component, should condense for further cooling [17]. However, BEC does not occur in this state, until t ≤ 700 ms. Only for t ≥ 700ms do we distinguish a very small BEC also in m s = -2. This demonstrates that a BEC in m s = -2 hardly forms, although the thermal gas is saturated and cooling proceeds.

To interpret these observations, we stress that magnetization-changing collisions occur on a larger time scale than shock cooling dynamics and can be neglected, contrarily to [19]. Here, spin dynamics is almost entirely controlled by spin exchange interactions at constant magnetization driven by spin dependent contact interactions [9]. A key point is that for an incoherent mixture the spin dynamics rate γ k,l i,j for the spin changing collision (m s = i, m s = j) → (m s = k, m s = l) is set by the density of the cloud through γ k,l i,j = nσ k,l i,j v with n the atomic density, v the average relative atomic velocity and σ k,l i,j the relevant cross section within Born approximation [21]. This rate is extremely sensitive to the presence of a BEC (which enhances n). Therefore, the emergence of a BEC in a spin-excited state should trigger faster spin dynamics. In addition to these dissipative spin-exchange processes, BEC can also trigger coherent spin oscillations due to forward scattering, with a typical rate Γ k,l i,j = 4πh m n S a S i, j|S S|k, l where the sum is on even molecular potentials S, with associated scattering length a S . Our interpretation for the absence of a BEC in the state m s = -2 is thus that a large BEC cannot form in this state because fast spin-exchange processes (-2, -2) → (-1, -3) deplete the BEC as soon as it is produced. Thus spin dynamics and condensation dynamics are strongly intertwined.

To check this interpretation, we have performed numerical simulations using the Gross-Pitaevskii (GP) equation and the classical field approximation to describe thermal states. According to CFA, the GP equation determines the evolution of the classical field which is a complex function carrying the information on both the condensed and thermal atoms [18,22,23]. The initial classical field corresponds to 13.10 3 Cr atoms at the critical temperature of about 400 nK and with the experimental Zeeman distribution. To describe such a sample we follow the prescription given in [23]. Evaporative cooling is mimicked by adding a purely imaginary potential to the GP equation at the edge of the numerical grid.

Our simulations confirm the existence of a saturated m s = -2 gas and the absence of a condensate in this state (see Fig. 3). To evaluate the impact of spin-exchange processes on the dynamics of condensation, we have reproduced these simulations assuming a 4 = a 6 . In this case, the rates associated to spin-exchange processes (-2, -2) → (-1, -3), γ -1,-3 -2,-2 and Γ -1,-3 -2,-2 , which respectively scale as (a 6a 4 ) 2 and (a 6a 4 ), both vanish. As shown in Fig. 3, a BEC then forms in the spin excited state m s = -2. This confirms the crucial role of spindependent interactions in the dynamics of Bose-Einstein condensation.

It is interesting to face our observations with the accepted scenario for the thermodynamics of noninteracting multi-component Bose gases at fixed magnetization [24]. In this picture, a BEC polarized in the most populated state forms below a first critical temperature; all the other thermal spin states saturate simultaneously and condense below a second critical temperature [24]. In our situation, our observations indicate that the external degrees of freedom have reached an equilibrium, at an effective temperature which we find identical for all spin components. However, although the thermal clouds of the two lowest spin components are saturated, the other thermal clouds are not saturated. This is in profound contradiction with the prediction of Bose thermodynamics, and shows that the spin degrees of freedom in our experiment remain out of equilibrium.

This lack of thermal equilibrium for the spin degrees of freedom results from the fact that spin exchange processes for the thermal gas are slow in regards of con-FIG. 3: Numerical results. Evolution of the condensate fractions for different values of a4 (blue diamonds: ms = -3; red circles: ms = -2). Filled markers correspond to the experimental case: a4 = 64 aB and a6 = 102.5 aB [16] where aB is the Bohr radius. Empty markers correspond to simulations where a4 was set equal to a6 to suppress spin dynamics. A significative BEC fraction in ms = -2 is then obtained. densation dynamics. For example, the rate of the dominant spin exchange term, averaged over density,

γ 1 = n0σ -1,-3 -2,-2 v 2 √ 2
, with n 0 the peak atomic density, is typically 3 s -1 for a thermal gas at T C . A much longer timescale would therefore be necessary in order to reach spin equilibrium. This rate is slow compared to typical thermalization rates of the mechanical degrees of freedom e.g.

γ 2 = n0σ -2,-2 -2,-2 v 2 √ 2
≈ 40 s -1 . γ 2 >> γ 1 insures that the mechanical degrees of freedom thermalize faster than the spin degree of freedom, and that a small m s = -2 BEC can in principle be formed. However, once the m s = -2 BEC is formed, the rates associated to (-2, -2) → (-3, -1) collisions rise to typically γ 1,BEC ≈15 s -1 and Γ -1,-3 -2,-2 ≈ 100 s -1 (for 500 atoms in the condensate). Spin exchange collisions then deplete the m s = -2 BEC as fast as it is created and a multicomponent BEC cannot be sustained due to the lack of saturation of the m s = -1 thermal gas.

Under our experimental conditions, non-saturated spin-excited states thus act as a reservoir into which population may be dumped, thus preventing BEC but in the stretched state, the only collisionally stable one. The situation bears some analogies to the condensation of magnons [START_REF] Fang | Stamper-Kurn[END_REF]26] and polaritons, where BEC is obtained in the lowest momentum state by collisions of higher states in the lower polariton branch [27]. Like for polaritons, it is likely that spin-exchange interactions are increased by Bose-stimulation due to the pre-existing m s = -3 condensate.

To produce multi-component condensates during evaporation, we performed a second series of shock cooling experiments, with a lower gas magnetization M = -2.00±0.25 (where the uncertainty is associated to detection noise). The initial m s = -3 thermal gas is now depo- larized using a radio-frequency pulse. After decoherence of the spin components, this leads to a thermal incoherent mixture with initial fractional population in m s = -3, -2, -1 and 0 states approximately (31%,40%,21%,6%) with a relative uncertainty of 10%. When shock cooling is performed fast compared to γ 1,BEC , we observe the production of very small multi-component condensates in all three lowest energy states (as illustrated in Fig 1 and4).

Our numerical simulations show that spin-dynamics again a very profound influence on the dynamics of condensation. In practice, spin excited states with m s > 0 are not saturated. Therefore, spin dynamics tends to populate these non saturated states and empty the condensates, which thus remain small and short-lived. An important observation is that the spin distribution of the obtained multi-component BECs shows strong fluctuations (see Fig. 4a) compared to the thermal fraction. We interpret this feature in the following way. Bosecondensation of the different spin-excited states introduce a spontaneous symmetry breaking as the phase of each condensate is chosen randomly. This spontaneous symmetry breaking, already observed in [START_REF] Fang | Stamper-Kurn[END_REF], can also be interpreted as the production of fragmented BECs [28,29]. As spin-dynamics is sensitive to the relative phase between the condensates in the various spin states [9,30], we propose that the observed spin fluctuations result from a combined effect of spin dynamics and of the spontaneous symmetry breaking.

We performed numerical simulations to test this scenario. As the CFA does not provide a direct way to provide symmetry breaking at the BEC transition, we chose to apply random relative phases to the wave-functions describing the thermal atoms in different spin compo-nents before condensation. This provides an empirical way to simulate symmetry breaking. We performed a series of numerical simulations for different sets of relative phases between the Zeeman components. We then obtained small condensates with fluctuating magnetization (see Fig. 4b). Furthermore, we also observe that spin and condensation dynamics are also significantly modified by the applied random phases. Due to large computational time for each run, a systematic study of BEC magnetization as a function of initial phases has not yet been performed and remains to be thoroughly investigated. However, while the magnetization fluctuations obtained in the numerical simulations are typically five time smaller than the experimental measurements, these preliminary results thus support the scenario that the combined effect of spontaneous symmetry breaking and spin dynamics lead to the observed spin fluctuations.

As a conclusion, our study reveals a strong interplay between Bose condensation and spin dynamics, which is of particular relevance when spin-dependent and spinindependent interactions take place on a similar timescale (in contrast to previous studies with alkali atoms, see [31]). This interplay can for example result in a delay in obtaining a BEC in spin-excited states or alternatively to the production of weak metastable spinor gases which decay due to spin-exchange collisions. Our results also show that the difficulty to fully thermalize the spin degrees of freedom is a prominent effect to be taken into account for very large spin systems (such as Dy [15] and Er [14]), where all spin states must be saturated for a stable multi-component BEC to be produced. Finally, we point out that when a multi component BEC is dynamically produced, spontaneous symmetry breaking leads to independent phases within the BEC components which triggers spin fluctuation.

FIG. 1

 1 FIG. 1: a) Experimental sequence, showing the reduction in the ODT intensity in a duration tS. An absorption image is taken after a time t and Stern-Gerlach separation. b) Simple cartoon of the evolution of the momentum distributions (p(k)) of atoms in the three lowest spin excited states, illustrating the difficulty of achieving BEC (peak on top of the broad thermal k distribution) in spin excited states due to spin dynamics. Absorption pictures showing: (c) a BEC in ms = -3 and a thermal gas in other spin states for a gas initially prepared with magnetization M = -2.5±0.25; d) a small multi-component BEC for M = -2.00 ± 0.25.

FIG. 2

 2 FIG. 2: a) Number of thermal atoms in ms = -3 (black diamonds) and ms = -2 (red disks) as a function of time t for a shock cooling time tS = 500 ms. b) Corresponding condensate fractions in ms = -3 (black diamonds) and ms = -2 (red disks). The shaded region highlights when both ms = -3 and ms = -2 thermal clouds are saturated, but only ms = -3 atoms condense.

FIG. 4 :

 4 FIG. 4: a) Absorption images after shock cooling experiments performed with tS = 50 ms and an initial magnetization M = -2 ± 0.25. A small BEC is present in the three lowest spin states i.e. ms = -3,-2, and -1. The different images illustrate the fluctuations of magnetization of the condensate fraction. b) Numerical results after evaporation, for three initial relative sets of phases. c) Total condensate fraction of the multi spin component gas for t = tS ms and M = -2±0.25 as a function of tS. We observe small multi-component condensates in the three lowest energy states. The solid line guides the eye.
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