PHYSICAL REVIEW E VOLUME 56, NUMBER 5 NOVEMBER 1997

Supercooled water and the kinetic glass transition. 1. Collective dynamics
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In this article we study in detail th@-vector dependence of the collective dynamics in simulated deeply
supercooled extended simple-point-cha(§®C/B water. The evolution of the system has been followed for
250 ns at lowT, allowing a clear identification of a two-step relaxation process. We present evidence in favor
of the use of the mode-coupling theory for supercooled liquid as a framework for the description of the slow
a-relaxation dynamics in SPC/E water, notwithstanding the fact that the cage formation in this system is
controlled by the formation of an open network of hydrogen bonds as opposed to packing constraints, as in the
case of simple liquid4.51063-651X97)01710-§

PACS numbd(s): 61.20.Ja, 64.70.Pf

I. INTRODUCTION extend it to the collective center of mass dynamics. With one
further year of computer time on three workstations working
The slow dynamic$a re|axatior) in Supercoo|ed molecu- full time, the limit of 250 ns of continuous simulation time
lar liquids and the glass transition are two related topicd'as been reached, allowing the calculation of the collective
which have received particular attention from the scientificPTOPerties, for which the noise level cannot be reduced aver-
community in the last few yeaid,2]. Significant progress agl_lr_ﬁ over dn;ferenkt kr)nolegules 'r? tR/Ie s_ll_rrr\1ulated .S3|/Stfem' d
has been made by a synergetic approach based on theoretic&l}, eoretical work based on the MCT has mainly focuse

experimental, and more recently on numerical work. Nowa-, simple atomic liquids and on molecular liquids with
p y . : Uy . S .~ spherical-symmetric interactions. Only recently has the
days, numerical simulations with realistic potentials describ

. ! theory been extended to treat the case of molecular systems
ing the evolution of a molecular system composed of thouy it nonisotropic interaction potentials opening the way for
sands of atoms, for time intervals longer than 100 ns, arg f| and detailed quantitative comparison between theory
becoming feasible, allowing a closer check of the theoreticahng simulation or experiments for molecular systeits).
predictions and bridging the gap between experiments andnfortunately, preliminary results at the ideal MCT level are
theory. Such long simulations, although suffering from theonly available for dipolar hard spher¢$6,17, i.e., mol-
deficiency of the potential used compared to the real systemscules with a simpler geometry than the water molecule.
which they aim to simulate, offer an ideal reference for com-Such result§16] strongly support the validity of general
paring with the novel theoretical predictions concerning thepredictions based on the MCT for simple liquids.
slow dynamics above the glass transition. In this article we study in detail th@-vector dependence

In the case where the studied system is water, the interesf the collective dynamics in extended simple-point-charge
in interpreting the molecular dynamics in terms of glass-(SPC/B water and present evidence in favor of a MCT de-
transition concepts goes beyond the comparison between tiseription of the slowa-relaxation dynamics. The comparison
simulated system and the theoretical predictions. Indeed, if performed on a two-level scale) At the qualitative level,
the experimentally observed non-Arrhenius increase of th&e compare the MCT predictions for simple liquitesxem--
transport coefficients on supercoolif@j4] can be explained Plified by the hard-sphere liquid within the Percus-Yevick
within the same framework of simple supercooled liquids@PProximation with the center of mass dynamics in the case
[5,6], the presence of hidden thermodynamics anomalies &' Supercooled SPC/E water. Although the comparison is by
ambient pressurg,8] does not have to be invoké#,10]. In efault qualitative, we think that the analogy in Qedepen-
the first paper of this seridd1] we tested mode coupling dence of all relevant parameters is particularly significant.

o : : ii) At the quantitative level, we compare the SPC/E slow
theory(MCT) [2,12] predictions for the correlation functions (ii) , . ! . ;
of single particle dynamics in water with correspondingdynamlcs with the dynamics predicted by MCT in the Igte

quantities calculated from molecular dynamisD) simu- region; moreover we evaluate the von Schweidler exponents

lations, carried out for sufficiently long tim@0 to 50 n$ as b and K g0\r/1erning th? re(ljaxati&rg:_lp_)rocecfSec. ) and we
to allow the slow dynamics to be observed. We tried to as-Ve”fy that they are related as predicts.

sess to what extent the MCT, which has been shown to de- In both cases the agreement is striking and strongly Sup-
scribe simple liquidg13,14, is applicable also to the de- ports the validity of MCT as the correct framework for in-

scription of the single particle dynamics dsimulated terpreting the slow collective dynamics in simulated super-

supercooled water, a hydrogen bonded liquid with strong?©Cled water.
nonisotropic interactions among molecules. As a result we

found that the center of mass tagged particle dynamics can

be qualitatively interpreted in terms of MCT. This result  Several review papers present in detail the theory of mode
stimulated us to make the comparison more stringent and tooupling for supercooled liquids, in particular in iideal

IIl. MCT
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formulation. A review of the predictions of the theory can bewheret=t/t,, is the scaled timef means the Laplace trans-
found in Ref.[11]. In this section we briefly report the main form, andZ=zt, is the Laplace conjugate df A is the
results which are relevant for the reading of the article. exponent paramet¢ig.

MCT aims at describing the slow dynamics in super- It is easy to show that Eq2) has a scale invariant solu-
cooled glass forming simple liquids or in molecular liquids tion; in the earlys region, i.e., fort<t,, g(t) has, at the
with spherical-symmetric interactions between the mol-Heading order, the fractal behavior:
ecules. It provides a description of the time evolution of o _
density and current correlation functiofsorrelators in the g(t)=t 2+ 0(1%). 3
following) in the time region where structural relaxation be- ] ) ] ]
comes the process which entirely controls the dynamics, i.e., In the lateg region (>t,) the predicted scaling law is
for times longer than the microscopic characteristic time. ~ = p . ~r—b
MCT describes the slowing down of the structural relaxation, g(t)=—t"+0(t ™). (4)
which is typical of supercooled liquids, including memory
effects in a memory function which depends only on statict
quantities[number density and structure fact®(Q)].

In theideal formulation the loss of correlation is ascribed
completely to interaction between fluctuations of density I'(1—a)2 T(1+b)2
pairs; all other channels for the decay of correlation, such as, = = , (5)
for example, the momentum modes, are completely ne- I'(1-2a) I'(1+2b)
glected. The ideal MCT predicts a sharp liquid to glass tran

sition, located at a finite critical temperatufe, associated these expansions fa(t) is limited at smalkt by the micro-

W::]ela plng(;iréli\:vaﬁgligggne?grioggi rceor\:\?rll?éfn dgg‘?i&g thescopic dynamics time and at largéy the a-relaxation time.
purely P In the a-relaxation region another time scale appeats,

freezing of the molecules inside the cages and it does n% terms of the rescaled tinte=t/r the behavior of the cor-

Qeal with any thermod_ynamlcal anpmalous behavpr. Th elator near the plateau is described in the leading order by a
ideal MCT can be considered as a first order approximation

in a more complex schenid8]; the kinetic transition is an power law dominated by the expondntincluding the next-

artifact of the approximations involved and it disappears into-leadlng order corrections the departure frgfg, in the

the extendedrersion of MCT, where couplings with particle early a-relaxation region is given by
momenta are_ta_ken into account. The pow_er-law increase of (1) = d,EA_h(l>fb+h(2)f2b+o(f3b)_ (6)
the characteristic times predicted by the ideal MCT Tor

>T, crosses to a differenunknown relation, to describe  The amplitudes;, andh,y, strongly depend on the physical
the complex activated dynamic processes belw The  features of the studied liquid and they have been explicitly
concept ofT, retains the meaning of crossover temperaturecalculated for a few modelg20,21]. The a-relaxation time

between two different dynamic behaviors and the predictiorscale is a temperature-dependent parameter which scales as
of the ideal MCT can be used to interpret the slow dynamicshe inverse of diffusivity:

aboveT., when hopping effects are negligible.
The ideal MCT predicts the existence of a two-step relax- (T)~|T-T. 77, 7

ation scenario for the slow dynamics in supercooled simple

liquids at temperatures close T. The decay of the corr- With

elators, i.e., the loss of memory of the initial configuration,

occurs in a two-step procep,19]: first the normalized cor- y=12a+1/2. ®)

relator ¢(t) approaches a plateau valdg, which is tem-

perature independerinonergodicity or Edwards—Andgrson since they depend on the static structure factor. In dhe

paramete; then () decays frompe, to zero(a-relaxation relaxation region the correlators obey the so-called time-

region. The short time region is strongly affected by the 9 o o y the s .
gemperature superposition principle, i.e., it is possible to

microscopic dynamics, which instead completely disappear . .
in the long time regior{« relaxation. In the region close to ;C:SI?GE’hSU?\?(;n? gorrelator evaluated at diffefleon a single

the plateauB-relaxation regioh ¢(t) can be asymptotically
expanded near the valug:, : B(t) = b(t/7(T)). (9)

The two scaling exponents andb are not independent;
hey are both determined by the exponent parameater
through the relation

wherel is Euler's gamma function. The range of validity of

The three scaling exponeras b, andy are not universal

(1) = peat+hag(tit,), (1) For times much longer thanthe mode-coupling dynami-
cal equations cannot be solved either analytically or asymp-
totically. From numerical solutions developed for simple po-
tentials it has been shown that a Kohlrausch-Williams-Watts
(KKW) stretched exponential form, i.e.,

wheret, is the time scale which characterizes {Beegion
and o is the separation from the critical poifdt fixed num-
ber density o= (T—T.)/T.]. The function g(t/t,) (also
called the B correlatoy is the solution of the asymptotic t \ Bk
equation d(t)=Ag ex;{ — (T_>

K

(10

—1+AZL[g?%(1)](2) +[Z9(Z)]?>=0, (2 can be used to empirically fit the last part of #é€t) decay.
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1.0

If we specialize the previous equations to the case in
which ¢ is the intermediate scattering functiéf{Q,t), the
self-correlation function or the transverse current correlation,
then the nonergodicity factabg,, the critical amplitudes,
hay, he), and the fitting parametersy, Bx become
Q-dependent quantities. Therefore the comparison between ~
theory and experiments can be extended from the time de- §0.5
pendence ofp and the temperature dependence of the corre- ¢y
lation times to theQ dependence of the above-mentioned
parameter.

The MCT set of coupled integro-differential equations
can be numerically solved once the static structure factor
S(Q) is known. The problem has been solved for many dif- 0.0
ferent potentials: hard spher¢20,22, soft sphereq23], 10
Lennard-Jonef24], and binary mixtures of soft sphergzb|
and of Lennard-Joneg26]. For all these potentials th®
dependence of the quantities appearing in the previous equa- 1.0
tions as well as the fitting parametétg andBx) in Eq. (10)
show pronounced oscillations in phase W8{0Q).

Moreover it has been shown theoretically that the la@ge
limit of the fitting parametergy coincides with the scaling
exponentb [27].

<&
=

Ill. SIMULATION DATA

The MD data analyzed in this article are a series of tra-
jectories, up to 250 ns, for a system f=216 water mol-
ecules interacting with the SPC/E potential with periodic
boundary conditions. SPC/E, one of the most common
water-water potentials, is a pairwise additive potential de-
signed to mimic the interaction betweeigid water mol-
ecules via electrostatic and Lennard-Jones interactions. The
S|mu.Ia.t|on technique has been dlscussgd in detail in[R&j. _207.0 K, 0, T=210.0 K: & T=213.2 K: A T=225.0 K: <1,
and it is not repeated here. The only difference between the ., K: V. T=258.0 K: [>, T=285.0 K. Solid lines are fits

data analyzed in this article and the data analyzed in Re(Nith the KKW law [Eq. (10)] for times longer than 7 ps. Spherical

.[11] is the length of _the s_lmulatlon, which now covers a Flmeaverage over alﬂ':) with the same modulus has been performed for
interval more than five times longer. We study seven differ-, F(O.1)

ent temperatures, ranging froim=207 K up to 285 K.

FIG. 1. F(Qgspp:t) (A) and F(Qsgmax.t) (B) vs time. O, T

The trajectory of the simulated system in phase space has IV. ANALYSIS
been saved on disk in chunks of 250 ps. For each of these
time segments, 19 logarithmically spacézhse 2 configu- The basic quantity in the study of the center of mass col-

rations were saved on disk, for a total of about 19 000 conlective dynamics in a liquid is the coherent intermediate scat-
figurations. By using such a logarithmic scheme, it is postering function, defined as
sible to calculate correlation functions ranging from 1 fs to

10 ns with a reasonable request of disk storage. For time . 1 e
shorter than 250 ps, correlation functions have been calcu- F(Q.t)= Q) ';1 e Q=T (O], (13)
lated for all pairs of configurations and averaged over all M
1000 segments. For time longer than 250 ps, the first con- , ) .
figuration of each of the 250 ps segments has been used ¥41€reN is the number of molecules in the syste@js the
time origin. The number cindependentime origins can be ~Wave vector, arjd’i is the position of the center of mass of
calculated by dividing the total length of the simulation by moleculei. F(Q,t) is the autocorrelation function of the
the average correlation time and thus it depends on the typepace-Fourier transform of the density, thus giving informa-
of correlator under scrutiny. In the worst case, i.e., for thetion on the decay of density fluctuations at wave veor
slowest decaying correlator studied, the correlation time is TheT andQ dependences ¢f(Q,t) are shown in Figs. 1
about 15 ns, and thus the number of independent time origingnd 2. We show th@ dependence at two differeQ vec-

is about 17. The worst case applies only to a few slow detors, namely,(i) the Q=18 nm* vector, corresponding to
caying wave vectors at the lowest studied temperature. In thiie position of the first prepeak in the structure fac@ggpp
average case, the number of independent time origins ighe analog of the so-called first sharp diffraction peak in
larger than 10028]. silica); (i) the Q=30 nmi ! vector corresponding to the most

N
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FIG. 2. F(Q,t) atT=207 K. Q vectors are measured in units of 20
Qo=0.111 nm. Solid lines are calculated according to Ef0). r

intense peak in the structure fact@somax - IN agreement 0.0
with the general MCT predictions, all correlators show a 0 20 40 _,
two-step decay process. For times smaller than 4 ps we ob- Q(nm )
serve an oscillatory decay process, from one to the noner- - _ _
godicity parameter. This time window contains all informa- _ FIG. 3. Fltt'ng parameters OF(Q,t) at T=207, =210, T
! . . . =215, andT=225 K according to the stretched exponential func-
tion about the microscopic dynami¢®9] and about the . P

. L . . tion Eq.(10). Symbols as in Fig. 1.
collective sound propagation in tlig¢ range compatible with
the simulation box size, a topic which has been studied inhe case of SPC/E center of mass dynamigsand 8 oscil-
detail in several previous papers, independently from théate in phase with the structure factor. MCT also predicts that
MCT model and which will not be discussed in this article. the limit of By at largeQ coincides with the value of the
We refer the interested reader to RE30], where the fre- exponentb in Eg. (6). From Fig. 3 we note that at larde,
quency range above 10 ci~27/4 ps ! has been studied in Bk tends to the _value 0.5, the same value estimate_d previ-
detail. The second decay process, from the nonergodicitpusly on the basis of the analysis of the tagged particle mo-
parameter to zero, has a strofigand Q dependence. This tion for SPC/E water.

60 80

monotonic decay(the « relaxation becomes slower and 10

slower on decreasing the temperature. At the lowest simu- ’

latedT, the « relaxation is clearly separated from the micro- o 06

scopic time window and appears in a time region which was ~

never explored before due to the long CPU time required to < 02 ] Wi

T

perform equilibrated molecular dynamics simulations.

To quantify theQ and T dependence of the relaxation
we fit all correlators for times longer than 7 fie avoid the
interference of the oscillatory sound mogesth a stretched
exponential functiofEq. (10)]. For T higher than 230 K, the
a-relaxation time is smaller than 20 ps and #aeelaxation
process, being superimposed to the collective sound modes,

can be fitted with different parameters. Inste&qdQ,t) of 10 )
; ¢ P _ 7
the four lowest studied temperatures can be fitted unambigu- a 107 & - &f% ——
ously. TheQ andT dependences &, 7, andBy, at the o [ R
lowest four studied temperatures, are shown in Fig. 3, to- w10 p—

gether withS(Q). We note the presence of oscillations in all
fitting parameters highly correlated with the oscillations in
S(Q).

To stress the similarity of our center of mass results with
the prediction of MCT for spherical molecules we show in
Fig. 4 A¢, 7, and Bk evaluated from the numerical solu-
tion of the ideal MCT coupled integro-differential equations
for the Percus-Yevick solution of the hard-sphere poten-
tial. The MCT equations for thew-relaxation region[2] FIG. 4. Fitting parameters &(Q,t) for hard sphere&Y) from
have been solved using the same technique as in[R@f.  the numerical solution of the MCT equations, according to the
We note that both in the theoretical hard-sphere result and istretched exponential function E.0).
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FIG. 5. 7¢(Q)/7«(Qrspp as a function ofQ. Note that in a
large Q range, all curves can be scaled on one unique curve. The
continuous line is th€ dependence of collective decay times based
on the de Gennes narrowing hypothesis. Symbols in the inset show
the scaling factof 7« (Qrspp | @s a function off. The full curve is
the power law~|T—T,|?7, to highlight that theT dependence of
the scaling coefficient is compatible with MCT predictions, with the
predictedy value.T.=202 K.

F(QSQMAX’t)

According to MCT, close tol., the T dependence of
«(Q) at any fixedQ should follow Eq.(7). For the case
b=0.5, MCT predicts fory a value of 2.7. To compare with
our data, we show in Fig. 5¢«(Q)/ 7« (Qrspp, i.€., imposing
the equivalence of the scaled time@t Qggpp- In a largeQ
range, i.e.Q<40 nm ! all curves are nicely superimposed. 1.0
We note that the longest relaxation time coincides with the
position of the first sharp diffraction peak, as opposed to
Qsomax - Thus the medium range order characteristic of net- low T high T
work forming liquids[31] is the most stable structure in the
system. The enhanced stability@t= Qrgppcan be predicted
independently from MCT by calculatin§(Q)/Q?, i.e., on
the basis of the so-called de Gennes narrowing. The inset in
Fig. 5 shows that thd dependence of the scaling factor
«(Qespp IS compatible with a power law with exponent
y=2.7 andT.=202 K. We stress that the same value for \
was found for theT dependence of the self-diffusion con- ~ [===-z=-=---=------omomoommomomee A
stant, but withT.=199 K. The 2% difference iff is within Y L
the numerical error. The time-temperature prediction of T 107 3
MCT, i.e., the fact that all correlators have the samde- /1
pendence of their relaxation time, is consistent with the equal
value of y found for thg self- and the co_IIective dynamics in |G, 6. Master curve foF (Qrsppt) (A), F(Qsomaxt) (B),
SPC/E water. As we discussed before in Rél], the value F(Qsom.t) (C). Symbols as in Fig. 1. The long dashed line is the
of Y calculated for SPC/E is different from the one obtainedg correlator(the solution of the MCT equatio(®) in the 8 region
by fitting the experimental data for viscosity, diffusivity, or [g(t)]). The dashed line indicates tH&(Q,t) value chosen for
reorientational NMR times—uwhich run from 1.6 to 2.4 on scaling the differenf. The three selecte@ have been chosen to
increasing the pressure. An extension of the present study highlight the point concerning th®@ dependence of the validity of
different isobars would be very valuable for clarifying the the leading expansiot?. The validity of theg correlatorg(t) is a
ability of the SPC/E potential to describe the dynamics ofpriori limited to the region wher&(Q,t) — Fga is small. For clarity
real water. we have plottedy(t) in a larger range.

We now turn to the SPC/E dynamics in the region where
the value of the correlators is not very different from thegested in Ref[13] we show in Fig. 6F(Q,t) vs t/7,(T)
nonergodicity factor, and where according to MCT the evo-wherer, is defined byF(Q,,)=1/e, i.e., it is the time at
lution of the correlators is controlled by E(P). According  which the correlation function has decayed to the ddlue.
to MCT, curves at differenT but at the sam& values fall From Fig. 6 it is clearly seen that, at &, curves for allT
on the same master curve. Following the procedure sugend to sit on the same master curve, even the Tighistems

05 &

= —~——

F (QsQlet)
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~FIG. 7. Fit according to Eq(6) of the T=207-K correl_ators 0 2’0 4'0 60
limited to thg _earlya-relaxatlon region (7_p§t_<800 ps), withb Q (nm_l)
=0.5. The fitting parameters are shown in Fig. 8.

FIG. 8. Q dependence of the fitting parametérg), h, to
for which the a region is hard to detect. To make the com- F(Q.t) atT=207 K. [See Eq(6).] h(;) andhy,) have been multi-
parison with MCT more stringent, we compare the masteP“ed byz and 7, _respectlvely,_to takg into account the difference
curve designed by the envelope of the different samples Witrtfew"eert and real time. The arb'.tra@"ndependem value afhas
the universal master curve for tigregion, i.e., the solution oo chosen to brint,) andhg, into the same scale as the data of

. R Fig. 9, to make the qualitative comparison between the two sets of

of Eq. (2). As discussed above, the time dependencg(of .4 easier.
is controlled only by the value df, via Eq.(5). Thus we find
that the samd value of 0.5, which was estimated from the
study of self-dynamics in SPC/E water, is able to rationalize
both the limit value at larg&) of Bk as well as the time In this article we have presented evidence in favor of a
behavior of all correlation functions in thé region. Unfor- MCT description of the slow collective dynamics in deeply
tunately, no information can be obtained from our data consupercooled simulated SPC/E water. The presented data con-
cerning the exponerd, due to the superposition of the in- cerning the collective longitudinal dynamics, together with
tense oscillations related to sound modes to the criticalhe data in Refl11] concerning the self motion, offer a com-
decay. plete picture of the dynamics of SPC/E water under deep

As predicted by the theory, the range of validityggt) is ~ Supercooling conditions. The evolution of the system has
different for differentQ vectors, and appears to be larger for

V. CONCLUSIONS

Q close toQgsppand smaller foQsoyn=37 nm . TheQ 1.0
dependences of the correction to the master curves for large O 06
times[see Eq.6)] are also predicted by MC[21] and can =

be compared with the center of mass collective dynamics in i 0.2

SPC/E water. To this aim we fi#(Q,t) at differentQ at the
lowest simulated temperature with the expression in(By.
imposingb=0.5, for all Q values. All correlators are fitted
with the samé value. The quality of the fit is shown in Fig.

7, confirming that at alQ a rather good representation of the
decay of correlation in the early region can be obtained in
terms of Eq.(6). Figure 7 shows also that the contribution of
the next-to-leading order correction is not at all negligible at
someQ vectors[20,21]. The results of the fit in the entil®
range are shown in Fig. 8. Figure 9 shows the same quanti-
ties calculated theoretically for the hard-sphere ¢Bszcus-
Yevick (PY) approximation. As in the previous qualitative
comparison, bott;,(Q) andh(;)(Q) have oscillations in
phase withS(Q). Results in Fig. 8 clearly highlight the need
of performing an analysis in terms of leading and next-to-
leading expansion to detect the correct exporientn any
case, as already discussed in Refl], F(Q,t) for largeQ FIG. 9. Q dependence oOF g, h(;) andh,) for hard spheres
values (large meaning larger tha@sqoumax) is Not a good  (PY) at the critical packing fractiom=0.515 82. The PY solution
candidate for the identification of a von Schweidler law.  for S(Q) is shown for referenceR is the hard-sphere radius.
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been studied for more than 250 ns at [dwallowing a clear water molecules. Molecules in the cage are hindered in their
identification of the two-step processes present in the corrtranslational and rotational motion by the presence of strong
elator's decay. The second decay process, clearly identifighlydrogen bondg¢energetic cagesThe fact that MCT, which
with the a-relaxation decay, is characterized by a highly has been developed for simple liquids, succeeds well in de-
nonexponential behavior and by an apparent divergence afcribing the lowT center of mass dynamics in such a com-
the characteristic time at a temperature around 200 K, i.eplicated molecular system strongly supports the existence of
about 50 K below the temperature of maximum density fora universality in the self and collective behavior of liquids
SPC/E. An apparent divergence of the transport coefficient ininder deep supercooling. Such universality has begun to
real water, again at about 50 K below the temperature oémerge in the first applications to nonspherical molecules of
maximum density, is also observed experimentgdg,33. the recently developed extension of the ideal MCT approach
The agreement between the data and MCT is striking botho treat angular correlatof84]; this opens the way for an
at qualitative and at quantitative levels. At a qualitative leveleven more quantitative description of the SPC/E dynamics in
we have found the following for both self and collective a MCT framework. The series of simulations analyzed here
properties(i) All correlators decay with a two-step process can become a clean reference system to check the novel the-
which spreads over several time decadé@s) The a-  oretical developments.
relaxation decay has an initial power-law behavior on leav- The analysis of SPC/E water presented here and in Ref.
ing the plateau, whose range of validity@sdependent; the [11] is also important in respect to the thermodynamic be-
exponent in Eq(9) is b=0.5; unfortunately an estimate of havior of simulated water. We refer the interested reader to
the exponena is not feasible, due to the overlap in time with the recent book by Debenedef83] and to Refs[10, 9,
the sound modesiii ) The long time part of the decay can be 35—37. In this context, if SPC/E could be considered a suf-
well fitted by a stretched exponential functiaiiv) The Q ficiently approximated modeling of real water, the data pre-
dependence of the parameters in the stretched exponentiggnted in this article would suggest ti&hopping processes
(i.e., amplitude, time, and expongmiscillates in phase with do not interveng at low pressure water would undergo a
the static structure factor, in close analogy with the MCTkinetic glass transition about 50° below the temperature of
predictions for simple liquids(v) The Q dependence of the maximum density, suggesting an interpretation of the so-
von Schweidler amplitude and of the next-to-leading correc<called Angell temperaturg?,8,3 as the critical temperature
tions are similar to the one predicted by MCT for a hard-of MCT [38,11]. In this regard, the apparent power-law in-
sphere system in shape and order of magnitude. crease of transport coefficient in liquid water on supercool-
At quantitative level we have found thé) the stretching ing is traced to the formation of cages and to the associated
exponentg at largeQ tends to 0.5, the same value Infas  slow dynamics resulting from the presence of long living
predicted.(ii) All characteristic times, both self and collec- energetic cages. In other words, the divergence of transport
tive, satisfy the scaling lawWEq. (7)] in a largeQ range; coefficients at low pressure does not need to rely on a ther-
moreover, the value of the exponents consistent with the modynamic instability, either connected to the reentrance of
value expected from the knowledge of theexponenEq.  the gas-liquid spinodal or to the presence of a critical point at
(8)] and it is independent from the correlator tyé.) The  high pressure and low temperatur@s,37. If SPC/E can
correlator time dependence for values close to the nonergodiepresent the thermodynamic behavior of water sufficiently,
icity parameter is well described by the correlator[Eq.  we would conclude that at low pressure there is a continuous
2] path connecting the liquid state to the low density amorphous
The analysis presented here and in R&f] represents an ice.
important step towards the understanding of slow structural
relaxation in. _complex glass formir)g liquids, independently ACKNOWLEDGMENTS
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