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The density dependence of water structural relaxation time has been determined by inelastic ultraviolet scattering (IUVS). The observed trend is opposite with respect to the expected one. This striking experimental result calls for further investigations.

Introduction

Water occupies a central role in liquid state physics both because it is the most important liquid for everyday life and because understanding the origin of its several anomalies is a challenge for physicists [START_REF] Mishima | The relationship between liquid, supercooled and glassy water[END_REF]. Among various aspects, the viscoelastic behavior of water has been and still is being the subject of several experimental works [START_REF] Davis | Water: a Comprehensive Treatise[END_REF][START_REF] Cunsolo | Velocity dispersion and viscous relaxation in supercooled water[END_REF][START_REF] Monaco | Viscoelastic behavior of water in the terahertz-frequency range: An inelastic x-ray scattering study[END_REF][START_REF] Bencivenga | High-frequency dynamics of liquid and supercritical water[END_REF][START_REF] Masciovecchio | Structural Relaxation in LiquidWater by Inelastic UV Scattering[END_REF][START_REF] Santucci | Is there any fast sound in water?[END_REF]. As a common result the presence of a relaxation process with a characteristic time scale, τ ≈ ps, was observed. One of the most spectacular eects of such a relaxation is a modication of the characteristic frequency of longitudinal sound propagation, Ω L , that, according to classical hydrodynamics, must be equal to c s Q, where c s and Q are the adiabatic sound velocity and the wavevector, respectively. At low frequency, i.e., when the condition Ω L τ -1 is met (viscous regime), the hydrodynamic expectations are veried. On the other hand, as far as Ω L ≈ τ -1 , an increase of Ω L with respect to c s Q is clearly observed. Finally, for Ω L τ -1 the degrees of freedom responsible for the relaxation process are indeed too slow in order to eciently dissipate the energy carried by the acoustic wave, which therefore propagates without energy losses. In such an elastic regime the sound propagation frequency asymptotically reaches a high frequency limit, Ω L = c ∞ Q, where c ∞ > c s is usually referred to as innite frequency sound velocity. This viscoelastic phenomenology allows probing the internal dynamics of the uids by monitoring their eects on sound wave propagation [8,[START_REF] Markham | Absorption of Sound in Fluids[END_REF].

The advent of novel hypersonic techniques, such as inelastic x-ray (IXS) and ultraviolet (IUVS) scattering, opened up the possibility to directly determine sound propagation frequencies in the T Hz range and, therefore, to detect relaxation processes with ps and sub-ps timescales. In recent years IXS experiments pointed out that the temperature (T ) dependence of τ follows an activation (Arrhenius) behavior whit an activation energy similar to the hydrogen bond (HB) one [START_REF] Monaco | Viscoelastic behavior of water in the terahertz-frequency range: An inelastic x-ray scattering study[END_REF][START_REF] Bencivenga | High-frequency dynamics of liquid and supercritical water[END_REF]. This result strongly suggests that the underlying physical origin of the relaxation is the collective rearrangements of the local structure after a perturbation (such as an acoustic wave) through the making and breaking of HB. Finally, recent IUVS results on supercooled liquid water at room pressure highlight a good consistency with the predictions of Mode Coupling Theory (MCT) [START_REF] Masciovecchio | Structural Relaxation in LiquidWater by Inelastic UV Scattering[END_REF]. This latter result has relevant implications in understanding the strongly debated origin of water anomalies. In fact MCT is one of the so-called singularity free scenario theories that, together with the liquid-liquid phase transition hypothesis, are the most promising frameworks for describing water behavior [START_REF] Mishima | The relationship between liquid, supercooled and glassy water[END_REF].

However, the density (ρ) dependence of τ was only poorly investigated up to now. In particular, there are not any systematic studies accomplished in the low T region of water phase diagram, where most of anomalies show up. We then decided to exploit IUVS technique in order to investigate the ρ behavior of τ . The choice of IUVS was motivated by the twofold reasons: i) IUVS has proven to be able to determine τ in the T -range of interest. ii) The throughput of the employed IUVS spectrometer is high enough in order to allow the reliable accomplishment of a systematic study.

Experimental method

The experiment was performed at BL10.2 at ELETTRA light laboratory (Trieste, Italy). The spectrometer is based on a Czerny-Turner optical scheme able to provide an overall frequency resolution of ∆ω/ω ≈ 10 -6 . Moreover, a position sensitive detector allows one to measure the inelastic signal, I(Q, ω), at a given scattering angle, θ S = 172 • , in one single shot, thus avoiding timeconsuming monochromator scans. Since the T and ρ dependencies of water refraction index (n) is known in the probed range [START_REF] Schiebener | Refractive Index of Water and Steam as Function of Wavelength, Temperature and Density[END_REF], the probed Q can be straightforwardly determined:

Q = 2nω i sin(θ/2)/c, ( 1 
)
where c is the speed of light in vacuum and ω i is the frequency of the incoming radiation (∼ 7.7 10 15 Hz in the present case).

The sample was embedded in a high pressure hydrostatic cell (HPHC) made of Inconel 625 with 3 mm thick sapphire optical windows. The cell was connected to an external pressure generator through a capillary. The pressure (P ) stability was better than ± 5 bar. The HPHC was kept in thermal contact with a thermal sink and an electronically controlled resistive heater, providing an overall T stability better than 0.2 K. The sample density at a given (P ,T )-value was calculated from water Equation of State (EoS) [START_REF] Wagner | The IAPWS Formulation 1995 for the Thermodynamic Properties of Ordinary Water Substance for General and Scientic Use[END_REF].

Fig. 1 displays some selected IUVS spectra of water at T = 273 K, Q ≈ 0.07 nm -1 at the indicated ρ-values. The symmetric inelastic side features are clearly evident, as well as a large central peak (> 90% of the whole spectral intensity). This mainly arises from spurious reections by the HPLC windows. I(Q, ω) is thus proportional to the dynamical structure factor, S(Q, ω), convoluted with the instrumental resolution function, R(ω), plus the spurious elastic component, i.e.:

I(Q, ω) = [A 1 S(Q, ω) + A 2 δ(ω)] R(ω) + B, (2) 
where A 1 and A 2 are weighting factors, is the convolution integral and B is a at background mainly due to the detector dark count. S(Q, ω) was modeled by a damped harmonic oscillator (DHO) function:

S(Q, ω) = π -1 Ω 2 L Γ L [ω 2 -Ω 2 L ] 2 + [ωΓ L ] 2 , ( 3 
)
where Γ L is the damping coecient of the longitudinal sound modes. A best t procedure based on a standard χ 2 minimization allowed extracting the values of both Ω L and Γ L . Particularly good (<1 %) was the accuracy in the determination of Ω L . For the forthcoming discussion it is worth stressing that, analytically, Ω L represents the frequency at which the longitudinal current spectrum, J(Q, ω) = ω 2 S(Q, ω)/Q 2 , assumes its maximum value. This is not a mere coincidence since, formally, the characteristic frequency of the longitudinal sound modes corresponds to the maxima of J(Q, ω) instead of the ones of S(Q, ω) [START_REF] Boon | Molecular Hydrodynamics[END_REF].

Data analysis

The usual way for extracting τ from S(Q, ω) is to use an appropriate model function where the relaxation parameters appear explicitly. Among various possible choices the memory function formalism has proven to be very well suited for a wide range of system [START_REF] Monaco | Viscoelastic behavior of water in the terahertz-frequency range: An inelastic x-ray scattering study[END_REF][START_REF] Bencivenga | High-frequency dynamics of liquid and supercritical water[END_REF][START_REF] Masciovecchio | Structural Relaxation in LiquidWater by Inelastic UV Scattering[END_REF][START_REF] Boon | Molecular Hydrodynamics[END_REF][START_REF] Bencivenga | Structural and Collisional Relaxations in Liquids and Supercritical Fluids[END_REF][START_REF] Scopigno | Microscopic dynamics in liquid metals: The experimental point of view[END_REF][START_REF] Angelini | Microscopic dynamics and relaxation processes in liquid hydrogen uoride[END_REF]. In this framework S(Q, ω) reads:

S(Q, ω) S(Q) = 1 π (c s Q) 2 m (Q, ω) [ω 2 -(c s Q) 2 -ωm (Q, ω)] 2 + ω 2 [m (Q, ω)] 2 , ( 4 
)
where m (Q, ω) and m (Q, ω) are the real and imaginary parts of the Fourier transform of the memory function that, in a rst approximation, can be written as a single exponential time decay [START_REF] Boon | Molecular Hydrodynamics[END_REF]: Indeed, the above ansatz is largely used and it was found to very well describe the dynamical response of several non conductive liquids, including water [START_REF] Monaco | Viscoelastic behavior of water in the terahertz-frequency range: An inelastic x-ray scattering study[END_REF][START_REF] Bencivenga | High-frequency dynamics of liquid and supercritical water[END_REF][START_REF] Boon | Molecular Hydrodynamics[END_REF][START_REF] Bencivenga | Structural and Collisional Relaxations in Liquids and Supercritical Fluids[END_REF]. By imposing the condition

m(Q, t) = (c 2 ∞ -c 2 s )Q 2 e -tc 2 s /τ c 2 ∞ . ( 5 
( ∂(ω 2 S(Q, ω)) ∂ω ) ω=Ω L = 0, (6) 
whit S(Q, ω) given by Eqs. 4 and 5, it is possible to obtain an analytical relation that links τ with c s , c ∞ and Ω L :

τ = (c ∞ /c s ) 2 1 -R -2 2c 2 ∞ Q 2 -2Ω 2 L , (7) 
where

R = (Ω L /c s Q) 2 .
The experimentally observed density behavior of R is reported in the left panel of Fig. 2. We can notice that IUVS can accurately determine very small deviation of Ω L with respect to c s Q. Finally, since the ρ-dependence of c ∞ can be extrapolated by previous IXS works [START_REF] Monaco | Viscoelastic behavior of water in the terahertz-frequency range: An inelastic x-ray scattering study[END_REF][START_REF] Krisch | Pressure Evolution of the High-Frequency Sound Velocity in LiquidWater[END_REF]17] and c s can be accurately calculated from the EoS [START_REF] Wagner | The IAPWS Formulation 1995 for the Thermodynamic Properties of Ordinary Water Substance for General and Scientic Use[END_REF] (see Fig. 2), the experimental determined values of Ω L can be used for calculating τ through Eq. 7.

Results and discussion

The obtained results are reported in Fig. 3. A clear monotonic ρ-decrease of structural relaxation time in the probed density range is observed. This trend is inconsistent with the one expected by considering simple free volume arguments. In fact, the free volume reduction at high density would in principle lead to a ρ-increase of τ that, at very high density, may turn into divergence when pressure induced vitrication occurs. A qualitative example of such an expected trend is reported in Fig. 3 as full line [START_REF] Macedo | On the Relative Roles of Free Volume and Activation Energy in the Viscosity of Liquids[END_REF]. It is worth remarking that the obtained results do not strongly depend on the parameter c ∞ that, indeed, is the one with the lower experimental accuracy. In fact, by keeping c ∞ xed at two extremes (i.e., 3800 and 2500 m/s), only small quantitative discrepancies were found, while the overall trend is preserved (see Fig. 3).

In conclusion, we determined the density dependence of relaxation time by using the IUVS technique. We clearly found an unexpected ρ-dependence of τ which cannot be accounted for any existing theories. Such a preliminary result clearly deserves further investigations. 
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 1 Figure 1: Selection of IUVS spectra of water at 273 K, Q ≈ 0.07nm -1 at the indicated ρ-values.
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 23 Figure 2: Left panel: experimental values of R (see text for further details). Right panel: density dependence of c ∞ (open dots, [4, 16, 17]) and c s (full lines, [11])
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