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Abstract. A chromospheric age distribution of 552 late-typa succession of smaller bursts. In this sense, they were named
dwarfs is transformed into a star formation history by the apursts A, B and C, after MajewsKi{1993).
plication of scale height corrections, stellar evolutionary cor- The most efficient way to find the SFH is using the stellar
rections and volume corrections. We show that the disk of cage distribution, which can be transformed into a star formation
Galaxy has experienced enhanced episodes of star formationistiory after various corrections. Twardg (1980) summarized
0-1Gyr, 2-5Gyr and 7-9 Gyr ago, although the reality of tteome of these steps. Although his SFH is usually quoted as an
latter burst is still uncertain. The star sample birthsites are desdence for the constancy of the star formation in the disk, he
tributed over a very large range of distances because of orbgtdtes that during the most recent 4 Gyr, the SFH has been more
diffusion, and so give an estimate of the global star formatiam less constant, followed by a sharp increase from 4 to 8 Gyr
rate. These results are compared with the metal-enrichment ragg, and a slow decline beyond that. His unsmoothed data were
given by the age—metallicity relation, with the expected epochkso reanalysed by Noh & Scalo (1990) who have found more
of close encounters between our Galaxy and the Magellasigns of irregularity.
Clouds, and with previous determinations of the star forma- Barry [1988) has improved this situation substantially by
tion history. Simulations are used to examine the age-dependesihg chromospheric ages. His conclusion was criticized by
smearing of the star formation history due to age uncertainti€nderblom et al[ (1991), who showed that the empirical data
and the broadening of the recovered features, as well as to meauld be still consistent with a constant SFH if the chromo-
sure the probability level that the history derived to be producegheric emission—age relation is suitably modified. However,
by statistical fluctuations of a constant star formation histofigocha-Pinto & Macie[{1998) have recently argued that the scat-
We show, with a significance level greater than 98%, that ther in Soderblom etal_{1991)’s Fig. 13, which is the main feature
Milky Way have not had a constant star formation history. that could suggest a non-monotonic age calibration, is proba-
bly caused by contamination in the photometric indices due to
Keywords: stars: late-type — stars: statistics — Galaxy: evolutidhe chromospheric activity. The chromospheric activity—age re-
— Galaxy: solar neighbourhood lation was also further investigated by Donahue (1993,71998),
and the new proposed calibration still predicts a non-constant
SFH if applied to Barry’s data.

The SFH derived in this paper is based on a new chromo-
spheric sample compiled by us (Rocha-Pinto et al. 2000b, here-
The question whether the Milky Way disk has experiencedafier Paper 1). This paper is organized as follows: In Sect. 2,
smooth and constant star formation history (hereafter SFH) ova address the transformation of the age distribution into SFH.
bursty one has been the subject of a number of studies sinceTthe results are presented in Sect. 3. In Sect. 4, statistical signif-
initial suggestions by Scal6 (1987) and Bariry (1988). Rochi@ances for the SFH are provided by means of a number of sim-
Pinto et al. [(2000a; hereafter RPSMF) present a brief revieations. The impact of the age errors on the recovered SFH is
about this question. There is evidence for three extended periati® studied. Some comparisions with observational constraints
of enhanced star formation in the disk. The use of the woade addressed in Sect. 5, and each particular feature of the SFH is
‘burst’ forthese features (usually lasting 1-3 Gyr) is based on tiscussed in Sect. 6, in view of the results from the simulations
fact that all methods used to recover the SFH are likely to smegnd comparisons with other data. The case for a non-monotonic
out the original data so that the star formation enhancemehtromospheric activity—age relation is discussed in Sect. 7. Our
features could be narrower than they seem, or be composedibgl conclusions follow in Sect. 8. A summary of this work was
presented in RPSMF.

1. Introduction

Send offprint requests tél.J. Rocha-Pinto
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2. Converting age distribution into SFH

with volume correction

Assuming that the sample under study is representative of  o104|| without volume correction -
galactic disk, the star formation rate can be derived fromits a :
distribution, since the number of starsin each age binis suppo 5 0.8 .
to be correlated with the number of stars initially born at thig 1
time. > 0.06- 4

We use the same 552 stars with which we have derived 12 {||.
AMR (Paper 1), after correcting the metallicities of the activs o.04|||[}
stars for then, deficiency (Ginénez et al. 1991; Rocha-Pintc™
& Maciel[1998), which accounts for the influence of the chr¢ 0024}
mospheric activity on the photometric indices. The reader T
referred to Paper | for details concerning the sample constri 0.0~
tion and the derivation of ages, from the chromospheric Ca
and K emission measurements.

The transformation of the chromospheric age distributiafig. 1. cChromospheric age distribution with and without volume cor-
into history of the star formation rate comprises three intermection, which was applied to our sample to allow the derivation of a
diate corrections, namely the volume, evolutionary and scafagnitude-limited SFH.
height corrections. They are explained in what follows.

Age (Gyr)

2.1. Volume correction

Since our sample is not volume-limited, there could be a bi
in the relative number of stars in each age bin: stars with d _
ferent chemical compositions have different magnitudes, th 3 °
the volume of space sampled varies from star to star. To corr g
for this effect, before counting the number of stars in each a=z
bin, we have weighted each star (counting initially as 1) by tt
same factor/—3 used for the case of the AMR, whetds the
maximum distance at which the star would still have appare
magnitude lower than a limit of about 8.3 mag (see Paper | 1

) 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
details). Mass (in solar masses)
This correction proves to change significantly the age dis-
tribution as can be seen in Fg. 1. Fig. 2. Mass distribution of the sample. Masses were calculated from a

mean mass—magnitude relation given by Scalo (1986). From the figure,
we estimate a mass range of 0.8-14, for our sample. Note the
substantial absence of massive stars, compared to the left wing of the
A correction due to stellar evolution is needed when a sami@ss distribution. The evolutionary corrections attempt to alleviate this
comprises stars with different masses. The more massive skigs:

have a life expectancy lower than the disk age, thus they would

be missing in the older age bins. The mass of our stars was ggere¢(m) is the initial mass function, assumed constant, and
culated from a characteristic mass—magnitude relation for they) is the star formation rate in units 8, Gyr—! pc=2. The

solar neighbourhood (Scelo 1986). In . 2, the mass distriylimber of these objects that have already died today is
tion is shown. We take the mass range of our sample as 0.8 to

1.4 M, which agrees well with the spectral-type range of thﬁf( )= B(0) /1.4
sample from nearly F8 V to K1-K2 V. As an example for the e (1)
necessity of these corrections, the stellar lifetime of al2
is around 5.5 Gyr (see Fig. 3 below). This means that only thdierem-(t) is the mass whose lifetime corresponds. terom
most recent age bins are expected to have stars at the wihigse eq.uations,we can write that the number of still living stars,
mass range of the sample. born at timef, as

The corrections are given by the following formalism. The opbs /.y A7« +
number of stars born at timteago (present time corresponds tgv (8) = N*(t) = NT(®)- 3)

2.2. Evolutionary corrections

o(m) dm, (2)

t = 0), with mass between 0.8 and 114 is Using Egs.[[LL) and{2), we have
it ¢(m) dm olt)
4 ) = [ 2@ T Ny = “(1):
N*(t) = 4(1) s #(m) dm, (1) N'(t) 01.é4 (m) dm N*(t) 3 N*(t); (4)
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+ ﬁg\ Fig. 3. Stellar Lifetimes from a variety of
02 : E N sources: Bahcall & Pirar] (1983); Vanden-
IS Berg (1985), forZ = 0.0169 and Z =
Rl S —_— pr T 0.0017; Eggleton et al.[(1989); Schaller et
0.7 08 09 1 2 3 4 5 al (1992), forZ = 0.02 andZ = 0.001;
. Bressan et al. (1993), féf = 0.02; Fagotto
Mass (in solar masses) et al. (1994a), foiZ = 0.004.
N*(t) = e(t) N (t), (5) Fagotto et al[(1994a,b). Equations similar to Ef. (7) were de-
rived for each set of isochrones and the metallicity dependence
where of the coefficients was calculated. We arrive at the following
1 equation:
e(t) = <1 - OL(t)) . (6)
B logm,(t) = a + blogt + c(logt)?, (8)

The number of objects initially born at each age bin can

. . wherea = 7.62—-1.56[Fe/H], b = —1.26 + 0.34[Fe/H], ¢ =
be calculated by using EQl(6), so that we have to multiply t%e05—0a02[Fe/H] Sinc[:e [{:e]/H] depends on time[we/ uleca third-
number of stars presently observed by ¢Hfactor. These cor- ) i

order polynomial fitted to the AMR derived in Paper I. In that

rections were independently developed by Tinsley (1974), mw%rk, we have also shown that the AMR is very affected at

different formalism. RPSMF present another way to express t%'lsder ages, due to the errors in the chromospheric bins. The real

correction in terms of the stellar lifetime probability function, S g
We stress that all these formalisms yield identical results. AMR must be probably steeper, and the disk initial metallicity

. . . around—0.70 dex. The effect of this in the SFH is small. The
The functionm.(t) can be calculated by inverting stellar :
use of a steeper AMR increases the turnoff mass at older ages,

lifetimes relations. Fidl3 shows stellar lifetimes for a numbed’ecreasin the stellar evolutionary correction factorsfEq. 6). As
of studies published in the literature. Note the good agreement 9 y 9-5)-

between the relations of the Padova group (Bressan/et all 1 é?essu:g\,f,r: t?;: ;egtli)reiﬁcigggggsl?nhdﬂm:glrgzsglﬁgihafilggs
Fagotto et al. 1994a,b) and that by Schaller et al. (1992), as & y ghtly

with Bahcall & Piran[(1983)’s lifetimes. The stellar lifetimes foreatu_res, N units of relative _blrthrate which is the kind of plot
we will work in the next sections.

Z = 0.0017 given by VandenBerd (1985) are underestimated T8 _
probably due to the old opacity tables used by him. The agree- Note that Eq[(8) does not reduce to &. (7) wien/H] =

: I : . The former was calculated from an average between two
ment in the stellar lifetimes shows that the error introduced in

i ) . solar-metallicity stellar evolutionary models, while the latter
the SFH due to the evolutionary corrections is not very large: : . "
ses the results of the same model with varying composition.

The adopted turnoff-mass relation was calculated from t . ; .
o e difference in the turnoff mass from these equations amount
stellar lifetimes by Bressan et al. (1993) and Schaller et % o
(1992), for solar metallicity stars: —15% f_rqm 0.410 15Gyr. . :
i ' The initial mass function (IMF) also enters in the formalism
logm, (t) = 7.59-1.25log t + 0.05(log t)2, (7) of thee factor. For the mass range 'u.nder consideration, the
IMF depends on the SFH, more specifically on the present star
wheret is in yr. This equation is only valid for the mass rangérmation rate. It could be derived from open clusters, but they
S5Mg >m > 0.7TMg. are probably severely affected by mass segregation, unresolved
We have also considered the effects of the metallicitpinaries and so on (Scalo1998). We have adopted the IMF
dependent lifetimes on the turnoff mass. To account for tHiy Miller & Scalo (1979), for a constant SFH, which gives an
dependence, we have adopted the stellar lifetimes for differawerage value for the mass range under study. Power-law IMFs
chemical compositions, as given by Bressan et al. (1993) amdre also used to see the effect on the results.
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(dotted line) gives the results of using a Salpeter IMF with the turnot.
mass given by Eq.{7).

log mass

Fig. 5. Scale heights given by Scalo (1986, solid line) and Holmberg
& Flynn (2000, dotted line).

In Fig.[4 we show how this factor varies with age. The curves

represent EqLL7; dashed curve) did (8; solid curve) using fethe first guesaV(t), and calculate the average ages.
Miller-Scalo's IMF. A third curve (shown by dots) gives therhese are used to convéfi(m) to H (), and the star formation
results using a Salpeter IMF with the turnoff-mass given Wstory is found by Eq[{9), givingV; (¢). This quantity is used
Eq. (@). Thes factor does not vary very much when we use @ calculate(r); and a new star formation ratéj(¢). Note
different IMF. Being flatter than Salpeter IMF, the correctioghat in Eq.[9), the quantity that varies in each iteratioH {$),
factors given by the Miller-Scalo IMF are higher. However, thgot the chromospheric age distributioi (t). Our calculations

effects of neglecting the metallicity-dependence of the stellggye shown that convergence is attained rapidly, generally after
lifetimes are much more important in the calculation of thig,e second iteration.

richer counterparts, the turnoff-masses at older ages are highyk stars. Few works have addressed them since $cald (1986)'s
affected. In the following section, we will use thdactors cal- review (see e.g., Haywood, Robin & CE&Z997). We will

culated for metallicity-dependent lifetimes. be working with two different scale heights: Scalo (1986) and
Holmberg & Flynn (2000), that are shown in Hig. 5. Haywood
2.3. Scale height correction et al.’s scale heights are just in the middle of these, so they set

] ) ) ~ the limits on the effects in the derivation of the SFH.
Another depopulation mechanism, affecting samples limited to e major effect of the scale heights is to increase the contri-
the galactic plane, is the heating of the stellar orbits which igytion of the older stars in the SFH. Better scale heights would

creases the scale heights of the older objects. To correct for s change significantly the results, so that we limit our discus-
we use the following equations. Assuming that the scale heiglisn, to these two derivations.

in the disk are exponential, the transformation of the observed
age distribution Ny (¢), into the functionN (¢) giving the total
number of stars born at timds

N(t) = 2H(£)No (%),

3. Star formation history in the galactic disk
©) 3.1. Previous chromospheric SFH determinations

whereH (t) is the average scale height as a function of the stel an'g" we show a comparison between o SFHs, derived

. ) . ; rom chromospheric age distributions available in the literature:
age. A problem arises since scale heights are always given

function of absolute magnitude or mass. To solve for this, we U%Sg{r’lry (1988, SFH given by Noh & Scdlo 1390) and Soderblom
9 ) y étal. (1991, SFH given by Rana & Basu 1992). In this plot, as

an average stellar age corresponding to a given mass, foIIowwg” as in subsequent figures, the SFH will be expressed always

the iterative procedure outh_ned in Noh & Scalo (1890). Thlgs a relative birthrate, which is defined as the star formation rate
average agd;r), can be obtained by

in units of average past star formation rate (see Miller & Scalo
OTm tN(t) dt 1979, for rigorous definition).
W§ (10) Note that the SFHs in Figl 6 are very similar to each other, a

0 result not really surprising since Soderblom et al. have used the
wherer,, is the lifetime of stars having mass, and N (¢) is same sample used by Barry. On the other hand, the correspond-
the star formation rate. Singe’) depends on the star forma-ing events in Barry’s SFH appears 1 Gyr earlier in Soderblom
tion rate, which on the other hand depends on the average agfed.’'s SFH. The different age calibrations used in these works
through the definition off (¢), Egs.[[®) and[(TI0) can only beare the sole cause of this discrepancy. Barry makes use of Barry
solved by iteration. We use the chromospheric age distributienal. (1987)’s calibration which used a low-resolution index

() =
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Fig. 6. Comparison between chromospheric SFHs published in the
erature: Barry[(1988, according to Noh & Scalo 1990) and Soderbl¢
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0 2 4 6 8 10 12 14
Soderblom et al. (1991)'s age

substructures of the supposed bursts B and C, respectively. Also shown
is the supposed burst D. The gaps between the peaks are named AB gap,
Fig. 7. Comparison of stellar ages (in Gyr) in the calibrations by Barrg‘(: gap, and so on. The upper and lower panels show the SFH using
et al. [1987)'s and Soderblom et L. (1991). The first age calibratis¥@l0/(1986) and Holmberg & Flynn {2000) scale heights, respectively.
seems to overestimate the chromospheric ages by around 1 Gyr.

where the stars are more concentrated: at 0-1 Gyr, 2-5 Gyr and
analogous to Mount Wilsoitvg Ry, while Soderblom et al. 7-9 Gyr ago. Beyond 10 Gyr of age, the SFH is very irregular,
use a calibration derived by themselves. In Hig. 7, we showpeobably reflecting more the sample incompleteness in this age
comparison of the ages for Barfy (1988)’s stars using both agage, and age errors, than real features. These patterns are still
calibrations. The difference in the ages are clearly caused by tiiesent even considering a smaller age bin of 0.2 Gyr[Fig. 8b
slopes of the calibrations. Barry et al. (1987)’s calibration givetiows the same for Holmberg & Flynn (2000) scale heights.
higher ages compared to the other calibration, which explaifke only difference comes from the amplitude of the events. In
the differences in the corresponding SFHs published. this plot, the importance of the older bursts is increased, since in
Holmberg & Flynn[(200D) the difference in the scale heights of
the oldest to the youngest stars is greater than the corresponding
value in Scalo’s scale heights.
The three corrections described in Sect.2 are applied to our We have used an extended nomenclature to that of Majewsky
data in the following order: the age distribution is first weighte@993) to refer to the features found. At the age range where
according to the volume corrections, then each age bin is mboilirsts B and C were thought to occur double-peaked structures
tiplied by thee factor and we iterate the result according tare now seen. Thus, we have used the terms B1 and B2, and
Egs.[9) and[(10). The final result is the best estimate of thd and C2, to these substructures. Also shown is the supposed
star formation history. It is shown in F[g. 8a, for an age bin dfurst D, as Majewski (1993) had suggested. Their meaning will
0.4 Gyrand Scalo’s scale height. There can be seen three reglmndiscussed later. The lulls between the bursts were named AB

3.2. Determination of the SFH
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Table 1. Main features of the SFH compared with Bairy (1988).  that HSDB and Soderblom (1985) surveys have different chro-
mospheric activity distributions. These are directly reflected in
This work Barry [1988) the SFH.

Number of ‘bursts’ 3 3 We have found double peaks at bursts B and C. Atthe present
Age of burst A 0-1Gyr 0-1Gyr momentwe cannotdistinguishthese features fromareal double-
Age of burst B 2-5Gyr 4-6Gyr  peaked burst (thatis, two unresolved bursts) or a single smeared
Age of burst C 7-9.5Gyr 7-11Gyr peak.However, itisinteresting to see that the previous chromo-
Stronger burst B B spheric SFHs give some evidence for a double burst C. lfiFig. 6
Duration of the most recent lull (AB gap) ~ 1Gyr < 3Gyr burst C also seems to be formed by two peaks. On the other
EZ;(’ g}f 2:::2 gmgg :2 ESE gg; g; 18-12; g-gg figszo hand, the same does not occur for burst B. The feature called
0 . . . H H H
(% of stars formed in burst C)/Gyr 8.68/10.88 1192 B2 corresponds more closely to burst B in the previous studies,

but at the age where we have found B1, the other SFHs show a
gap.

gap, BC gap and so on. Some of us have previously referred to The resulting SFH comes directly from the age distribu-
the most recent lull as ‘Vaughan-Preston gap’. We now avdi@n, in an approach which assumes that the most frequent ages
the use of this term because: of the stars indicate the epochs when the star formation was
more intense. Both the evolutionary and the scale height cor-
rections do not change the clumps of stars already present in

activity dlstrlbuuqn_ N he age distribution. The only correction which could introduce
2. Dueto the metallicity-dependence of the age calibration, t urious patterns in it is the volume correction, which must be

Vaughan-Preston gap is not linearly reflected in an age 9aiy, e pefore the other two. Fig. 1 shows how it affects the
3. Henry et al. [(1936, hereafter HSDB) shows that t e distribution. It is elucidating that the major patterns of the

Vaughan-Preston gap is less pronounced than was eariat distributions are not much changed after this correction.

thought, and does not resemble a gap but a transition z refer basically to the clumps of stars younger than 1 Gyr

Comparing with other studies in the literature, the SFRNd stars with ages between 2 and 4 Gyr. These clumps will
seems particularly different. There are still three major star fd¥e identified with burst A and B, respectively, after the appli-
mation episodes but their amplitude, extension and time of g@tion of the other corrections. Note also, that the AB gap is
currence are not identical to those that were previously foufigarly seen in the age distribution before the volume correc-
by other authors. Tablg 1 summarizes the main characteristie§. In spite of it, it is necessary to know if the presence of
of our SFH comparing to that of Barriy (1988, as derived in No¥ars with very high weights (due to their proximity and low
& Scalo1990). In the table, the entries with two values stand fiimperature) could affect the results. Therefore, we have recal-
the SFH derived with different scale heights. The first numbetlated the SFH now disregarding the stars that have very high
refers to the SFH with Scalo’s scale height, and the other refégights after the volume correction. We have cut the sample to
to that with Holmberg & Flynn’s. those stars with weights not exceedingéhd 3. The resulting

As we can see, the main events of our SFH seem to OC&EHS is Compared to the SFH of the whole sample Inl]:lg 9. 1t
earlier than the corresponding events in Barry’s SFH, by ai§-possible to see that the presence of outliers does not affect
proximately 1 Gyr. This can also be seen in Elg. 6: the SFR frofe global result. The uncertainty introduced affects mainly the
Soderblom et al[{1991)'s data have features earlier than Ba#fypplitude of the events, at a level similar to that introduced by
by about 1 Gyr. This comes mainly from the use of Soderblofiie uncertainty in the scale heights. We believe that the volume
etal. [1991)’s age calibration on which we have based our age@frection has not impinged artificial patterns on the data, and
This hypothesis is reinforced by the fact that the fraction of tfigat the star formation just derived reflects directly the observed
stars formed in each burst is in reasonable agreement with @igribution of stellar ages in the solar vicinity.
corresponding events in Barry’s SFH (see Table 1). The events
we have found are most likely to be the same that have appeared
in previous works, and the difference in the time of occurrende Statistical significance of the results
ggﬁ;?;t:g%r.n the shrinking of the chronologic scale of the age. Inconsistency of the data with a constant SFH

The narrowing of the AB gap is one of the main differencebhere is a widespread myth on galactic evolutionary studies
of our SFH and that found by Barry. This can be expected singlkout the near constancy of the SFH in the disk. This comes
our sample does not show a well-marked Vaughan-Preston gajimarily from earlier studies setting constraints to the present
contrary to what is found in the survey of Soderblom (1985)lative birthrate (e.g., Miller & Scalo T9F9; Scalo 1986). The
from which Barry [(198B) selected his sample. observational constraints have favoured a value near unity, and

Some other differences in the amplitude and duration of thieat was interpreted as a constant SFH.
bursts can be understood as resulting from the differences in This constraint refers only to thresenstar formation rate.
the samples used by us and by Barry. Nearly 70% of our st&spointed out by O’Connell (1997) and Rocha-Pinto & Maciel
come from HSDB survey. We have already shown in Pape(l997), it is not the same as the star formatiistory.

1. The Vaughan-Preston gap is a feature indfm®mospheric
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Fig. 9. Star formation rate calculated after disregarding outliers wi
weights exceeding®(solid line) and 3 (dashed line), after the volume
corrections, compared to the history used throughout this paper. - rig 10, The evanescence of a strong short-lived star formation burst
due to the bin size. A star formation burst, lastit@f yr, and with
varying intensity (10, 50 and 100 times more intense than the average
A typical criticism to a plot like that shown in Figl 8 is thatstar formation rate) was considered. The plot shows the value of the
the results still do not rule out a constant SFH, since the dslative birthrate at the time of a burst. It can be seen that for an age
cilations of peaks and lulls around the unity can be understoljg similar to that used throughout this paper, namely 0.4 Gyr, even the
as fluctuations of a SFH that was ‘constant’ in the mean. THROSt strong and narrow burst would be represented by a feature not
is an usual mistake of those who are accustomed to the strdf{§eeding 3.5 in units of relative birthrate.
short-lived bursts in other galaxies. o—
The ability to find bursts of star formation depends on tt A B c D(?)
resolution. Suppose a galaxy that has experienced only on¢ 35+ Bl B2 ct c2
real strong star formating burst during its entire lifetime. Th
burst had an intensity of hundred times the average star f ] ]
mation in this galaxy, and has last&o yr, which are typical 25 4
parameters of bursts in active galaxies. Eig. 10 shows how t§ 1 \
burst would be noticed, in a plot similar to that we use, asafur® >°7 K T T+

Bin size (in Gyr)

3.0 —

tion of the bin size. In a bin size similar to that used througho®
this paper (0.4 Gyr), the strong narrow burst would be seen &
feature with a relative birthrate of 3.5. If we were to convolve 10
with the age errors, like those we used in Paper I, we could fi
a broad smeared peak similar to those in[Hig. 8. For a biggest ]
size (1 Gyr), the relative birthrate of the burst would be lowe 4

than 1.5. Hence, a relative birthrate of 1.5 in a SFH binned 0
1 Gyr is by no means constant. A great bin size can just hidc . Age (Gyr)

real burst that, if occurring presently in other galaxies, woul€ly 11 star formation rate with counting errors. The error bars cor-
be accepted with no reserves. respond to an error aE\/N, whereN is the number of stars found

In the case of our galaxy, the bin size presently cannot peeach age bin. The dotted lines indicate thevAriations around a
smaller than 0.4 Gyr. This is caused by the magnitude of the ag@stant SFR for a sample having 552 stars. The labels over the peaks
errors. We are then limited to features whose relative birthrates the same as in F[d. 8.
will be barely greater than 3.0, especially taking into consider-
ation that the star formation in a spiral galaxy is more or less
well distributed during its lifetime. Therefore, in a plot with bin ~ The Milky Way SFH, in this figure, is presented with two
size of 0.4 Gyr, relative birthrates of 2.0 are in fact big events séts of error bars, corresponding to extreme cases. The smallest
star formation. error bars correspond to Poisson errats/(V, whereN is the

A conclusive way to avoid these mistakes is to calculateimber of stars in each metallicity bin). The thinner longer error
the expected fluctuations of a constant SFH in the plots we éa superposed on the first shows the maximum expected error
using. We have calculated the Poisson deviations for a constanthe SFH, coming from the combination of counting errors,
SFH composed by 552 stars. In Figl 11 we show thdiZes IMF errors and scale height errors. These last two errors were
(dotted lines) limiting the expected statistical fluctuations ofe@stimated from Fig§l4 afdl 5. The contribution of the scale height
constant SFH. errors are greatest at an age of 3.0 Gyr, due to the steep increase
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of the scale heights around solar-mass stars. The effect of theOne of the problems that we have found is that due to the
IMF errors are the smallest, but grows in importance for trséze of the sample, and the depopulation caused by stellar evo-
older age bins. lution and scale height effects, the SFH always presents large
From the comparison of the maximum expected fluctuatiofisctuations beyond 10 Gyr. These fluctuations are by no means
of a constant SFH and the errors in the Milky Way SFH, ieal. They arise from the fact that in the observed sample (for
is evident that some trends are not consistent with a consttirg case of the simulations, in the ‘observed catalogue’), be-
history, particularly bursts A and B, and the AB gap. We cayond 10 Gyr, the number of objects in the sample is very small,
conclude that the irregularities of our SFH cannot be causedyarying from 0 to 2 stars at most. In the method presented in the
statistical fluctuations. subsections above, we multiply the number of stars present in
the older age bins by some factors to find the number of stars
originally born at that time. This multiplying factor increases
with age and could be as high as 12 for stars older than 10 Gyr;
The age error affects more considerably the duration of the sisis way, by a simple statistical effect of small numbers, we
formation events, since they tend to scatter the stars originatyn in our sample find age bins where no star was observed
born in a burst. We can expect that this error could smear mgighbouring bins where there are one or more stars. And, in
peaks and fill in gaps in the age distribution. A detailed and reéte recovered SFH, this age bin will still present zero stars, but
istic investigation of the statistical meaning of our bursts hastiee neighbouring bins would have their original number of stars
be done in the framework of our method, following the observaaultiplied by a factor of 12. This introduces large fluctuations at
tional data as closely as possible. In the case of the Milky Waylder age bins, so that all statistical parameters of the simulated
the input data is provided by the age distribution. We have supFHs were calculated only from ages 0 to 10 Gyr.
posed that this age distribution is depopulated from old objects, In Fig[I2, we present two histograms with the statistical
since some have died or left the galactic plane. Our methodpmrameters extracted from the simulations. The first panel shows
find the SFH makes use of corrections to take into account thése distribution of dispersions around the mean for the 6000
effects. However, some features in the age distribution could$iemulations. The arrow indicates the corresponding value for
caused rather by the incompleteness of the sample. These waolidMilky Way SFH. The dispersion of the SFH of our Galaxy
propagate to the SFH giving rise to features that could be takerocated in the farthest tail of the dispersion distribution. The
as real, when they are not. probability of finding a dispersion similar to that of the Milky
Thus, if we want to differentiate our SFH from a constanWay is lower than 1.7%, according to the plot. In other words,
one, we must begin with age distributions, generated by a cave can say, with a significance level of 98.3%, that the Milky
stant SFH, depopulated in the same way that the Galactic &yay SFH is not consistent with a constant SFH.
distribution. With this approach, we can check if the SFH pre- In panel b of Figl”IR, a similar histogram is presented, now
sented in Fid.18 can be produced by errors in the isochrone afggshe value of the most prominent peak that was found in each
in conjunction with statistical fluctuations of an originally consimulation. In the case of the Milky Way, we have B1 peak with

4.2. The uncertainty introduced by the age errors

stant SFH. b = 2.5. Just like the previous case, it is also located in the tail
We have done a set with 6000 simulations to study this. Eashthe distribution. From the comparison with the values of the
simulation was composed by the following steps: highest peaks that could be caused by errors in the recovering of

an originally constant SFH, we can conclude with a significance
level of 99.5% that our Galaxy has not had a constant SFH.

1. A constant SFH composed by 3000 ‘stars’ was built by ran- The use of Holmberg & Flynri (2000) scale heights in the
domly distributing the stars from 0 to 16 Gyr with uniformSimulations increases these significance levels to 100% and
probability. 99.9%, respectively.

2. The stars are binned at 0.2 Gyr intervals. For each bin, we These significance levels refer to only one parameter of the
calculate the number of objects expected to have left th&H, namely the dispersion or the highest peak. For a rigorous
main sequence or the galactic plane. This corresponds to@sémate of the probability of finding a SFH like that presented
number of objects which we have randomly eliminated frof} Fig.[11, from an originally constant SFH, one has to calculate
each age bin. The remaining stars (around 600—700 starthgtprobability to have neighbouring bins with high star forma-
each simulation) were put into an ‘observed catalogue’. tion, followed by bins with low star formation, as a function of

3. Thereal age of the stars in the ‘observed catalogue’ is shif@@g- This can be calculated approximately from[Fig. 13, where
randomly according to the average errors presented in FigVé sh_ow box charts with the results of the 6000 simulations.
of Paper I. After that, the ‘observed catalogue’ looks mof@uperimposed on these box charts, we show the SFH, now cal-
similar to the real data. culated with Holmberg & Flynri (2000)’s scale heights. For the

4. The SFH is then calculated just as it was done for the digiake of consistency, the simulations shown in the figure also
From each SFH the following information is extracted: digiSe these scale heights, but we stress that the same quantitative
persion around the mean, amplitude and age of occurrefiggult is found using Scalo’s scale heights.

of the most prominent peak, amplitude and age of occur- A lot of information can be drawn from this figure. First, it
rence of the deepest lull. can be seen that a typical constant SFH would not be recovered
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0.00 4 : while the right panel gives the value of the
0.15 0.30 045 0.60 0.75 0.90 10 15 20 25 30 35  Mostprominent peak. In all the plots, the
. . arrow indicates the corresponding value for
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28 ' ' ' ' T stars scattered off their real ages increases as a function of the
, - age. In the recovered SFH there will be a substantial loss of
“7 - R | stars with ages greater than 15 Gyr, since they are eliminated
T T x from the sample (note that originally, these stars would present
2.0 - - - x B R . .
] x|\ - T e am Xy ages lower than 15 Gyr, and just after the incorporation of the
" T ) B B age errors they resemble stars older than it). This decreases the
N 1.6 <1% |l ~2% /x x . . P
& 0 Y S average star formation rate with respect to the original SFH,
g 10 LIJ | l | and the proportional number of young stars increases, because
Lo $ jj )l INNITNNE! v ] they are less scattered in age due to errors. This gives rise to a
ogd << \” Hﬂb AAEFFREEEREEPE ] distortion in the expected loci of constant SFHs. Note also the
810 . 1T [‘J[”T ﬂv q increase in theéos-region as we go towards older ages, reflecting
0.4 - SRLEIL I ! the growing uncertainty of the chromospheric ages.
0% s * e FEEERVIR The diagram allows a direct estimate of the probability for
00 : : : - . - : : - . each feature found in the Milky Way SFH be produced by fluc-
0.0 2.0 4.0 6.0 80 100 120 140 tuations of a constant SFH. The box charts gives the distribution
Age (Gyn) of relative birthrates in each age bin. An average probability for

Fig. 13.Box charts showing the results of the 6000 simulations, usiﬁlae major even_ts of our S_FH are shown ',n Eig. 13, bes'd_?s the
Holmberg & Flynn [(2000)'s scaleheights. The horizontal lines in tH&atures under interest. Rigorously speaking, the probability for
box give the 25th, 50th, and 75th percentile values. The error bars ¢it& Whole Milky Way SFH be constant, not bursty, can be esti-
the 5th and 95th percentile values. The two symbols below the 5th pétated by the multiplication of the probability of the individual
centile error bar give the Oth and 1st percentile values. The two symbelents in this figure. It can be clearly seen that it is much less
above the 95th percentile error bar give the 99th and 100th percentitban the 2% level we have calculated from only one parameter
The square symbol in the box shows the mean of the data. Supergfithe SFH. Particularly, note that the AB gap has zero probabil-
posed, the Milky Way SFH is shown. From the comparison with th, to be caused by a statistical fluctuation. All of theses results

distribution of results at each age bin, the probability to find each paiow that the Milky Way SFH was by no means constant.
ticular event in a constant SFH can be calculated. The numbers besides

the major events give the probabilities for their being fluctuations of a
constant SFH. 4.3. Flattening and broadening of the bursts

Since the errors in the chromospheric ages are not negligible, a

S o sort of smearing out must be present in the data. Due to this, a
as an exactly ‘constant’ function in this method. This is showgiar formation burst found in the recovered SFH must have been
by the boxes with the error bars which delineate@halogous qyiginally much more pronounced. This mechanism probably
to those lines shown in Fig.ll1. The boxes distribute arouBgects much more older bursts, since the age errors are greater at
unity, but shows a bump between 1 to 2 Gyr, where the averggger ages and the depopulation by evolutionary and scaleheight
relative birthrate increases to 1.4. This is an artifact introducgglects is more dramatic. We can assume that if we found a
by the age errors. In each individual simulation, the number of
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Fig. 14.Recovered fractions for a SFH composed of a single burst superimposed on a constant rate. The ‘burst’ is characterized by occuring at
ager, having intensitye times the value of the constant star formation rate, and lasting 1 Gyr. We show the casesXd, 3.5, 5 and 10. In

all the plots, the abscissa indicates the agéhere the burst happened. The fraction recovered in the first 2 Gyr of age is greater than unity, due

to the same problem that distorted theloci of the constant SFHs in Fig.1L3 (see text).

feature like a burst at say 8 Gyr ago, this probably was muelas done for each age of occurrence, since we are only looking
stronger in order to be preserved in the recovered SFH. for the magnitude of the broadening introduced by the errors,
The first aspect we want to show is that the errors produse the exact shape of the recovered SFH does not matter. The
a significant flattening of the original peaks. To do so, we usecovered SFHs are shown in Higl 15. Only the younger bursts
simulations of a SFH composed by a single burst over a constaré reasonably recovered. The burst at 6 Gyr can still be seen,
star formation rate. The ‘burst’ is characterized by occurring although many of its stars has been scattered over a large range
ager, having intensityc times the value of the constant staof ages.
formation rate, and lasting 1 Gyr. We want to know the fraction
of the burst that is recovered, as a function of age and of the
burst intensity.
We have performed 50 simulations for each fajic), with 5. Comparison with other constraints
around 3000 stars in each simulation. A summary of these si
ulations is shown in Fi@.14. In all the panels (for varyingthe
fraction of the recovered burst is high for recent bursts and faity theoretical grounds, there should be a correlation between
off smoothly until 8—9 Gyr, when it begins to become constarthe SFH and the age—metallicity relation (hereafter AMR). The
This stabilization reflects the predominance of the statistidatrease in the star formation leads to an increase in the rate at
fluctuations, since the recovered fraction is the same, regardiebich new metals are produced and ejected into the interstellar
of the age of occurrence. What happens is that the burst becomeslium. The correlation is not a one-to-one, since the presence
more or less undistinguished from the fluctuations. From tto$ infall and radial flows can also affect the enrichment rate
we can conclude that it is more difficult to find bursts older thaof the system. Moreover, the enrichment rate is constrained by
8-9 Gyr, irrespective of its original amplitude. the amount of gas into which the new metals will be diluted.
A second problem in the method is the broadening of tiNevertheless, it is interesting to see whether the AMR we have
bursts. This depends sensitively on the age at which the bdastnd in Paper | is consistent with the SFH derived from the
occurs, and the results are even more dramatic. To illustrate thsme sample, especially because, to our knowledge, this was
another set of simulations was done. We consider now a Skéler tried before.
composed of a single burst, of 1000 stars, lasting 0.4 Gyr. No Fromthe basic chemical evolution equations (Tinsley 1980),
star formation occurs except during the burst. We vary the afgea closed box model (i.e., noinfall), the link betweenthe AMR
of occurrence from 0.3 Gyr to 6 Gyr ago. Just one simulati@nd the SFH can be written as

B, The SFH driving the chemical enrichment of the disk
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sod T nr e r it ittt pig as the AMR by Edvardsson et dl. (1993, hereafter Edv93)
1 /\ —036yr 4 gyggests.
500 ¢ In Fig.[I8, we show a comparison between the metal-
200_'/ — GGyr 1 enrichment rate (top panel) with the SFH (bottom panel). The
enrichment rate increases substantially in the last 2 Gyr, which
150 could be a suggestion for a recent burst of SFH. However, the
| agreement between both functions seems very poor. There is
1 a peculiar bump in the enrichment rate between 4 and 6 Gyr,
which is coeval to a feature in the SFH, but most probably this
1 is mere coincidence.
A I Although we have used iron as a metallicity indicator, which
invalidates Eq[(1l1), due to non recycling effects, we are not
sure whether the situation would be improved by using O. The
errors in both the AMR and SFH are still big enough to render
Fig. 15. Recovered SFHs for an original SFH composed of a singiIch a comparison extremely uncertain. However, it can be a
burst of 1000 stars. The curves show examples of how these burststest to be done with improved data. The more important result
broadened, depending on their age of occurrence, due to age erroffgr chemical evolution studies is that, provided that we know
accurately both functions, the empirical AMR and SFH will
030 ' ' ' ' ' ' A ] allow an estimate of the variation of the gas mass with time,
which could lead to an estimate of the evolution of the infall
rate. Future studies should attempt to explore this tool.
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o J 4

T 010 4 The stars in our sample are all presently situated within a small

volume of about 100 pc radius around the Sun. The star forma-
tion history derived from these stars is nevertheless applicable

0.05 -

T T T T T T " toaquitewide sectionofthe Galactic disk, since the stars which
IR 1 are presently in the Solar neighbourhood have mostly arrived at
g 1o 1 their present positions from a torus in the disk concentric with
& os) 1 the Solar circle.

0ot : " : : - -~ 1 We have investigated how wide this section of disk is by in-

Age (Gyr) tegrating the equations of motion for 361 stars of the ‘kinematic

_ ) _ _ sample’ (see Paper I) within a model of the Galactic potential.
Fig. 16.Comparison between the metal-enrichment rate (defined asf‘kﬁ:e potential consists of a thin exponential disk, a spherical

derivate in time of the AMR, expressed by absolute metalligityand . : . .
the SFH. On theoretical grounds both quantities should be correlat%é%?.)ar;%?ec;irﬁ :tzlf\;vin ddeltserdn?;(;“g]eedol?bge};alrl]anF;)r/ir;;ei;?el
and it should give a test to the reliability of the SFH. In practice, theé ) y

magnitude of the errors in both functions still hinders the applicati(g{ation' and measure the peri- and ap(_)galactic distaftyes)d
R, and the mean Galactocentric radiig,, = (R, + R,)/2

ofthis test. for the orbit (cf. Edvardsson et al. 1993).

The distribution ofR,,, is shown in FigIl7. Most of the
4z W(t) stellar orbits have mean Galactocentric radii within 2 kpc of the
= ) x ()’ (11) Sun (here taken to be & = 8 kpc), i.e.6 < R,, < 10 kpc.

Very few stars in the sample are presently moving along orbits

whereZ(t) gives the AMR, expressed by absolute metallicity¥ith mean radii beyond these limits.
(t) is the SFH as in EqL{1), and,(t) is the total gas mass of As discussed by Wielen, Fuchs and Dettbarn (1996), due to
the system, in units af/;, pc2. irregularities in the Galactic potential caused by (for example)
According to this equation, bursts in the SFH are echo8tpnt molecular clouds and spiral arms, the present mean Galac-
through an increase of the metal-enrichment rate. Certairfgcentric radius of a stellar orbit,,, (¢) at time¢ does not bear
this is particularly true when the metallicity is measured b@simple relationship to the mean Galactocentric radius of the
an element produced mostly in type Il supernovae, like O. TRERitonwhich the star was bot,, (0). Wielen, Fuchs and Det-
gas mass can dilute more or less the enrichment, changingn describe the process by which stars are scattered by these
proportionality between it and the SFH, at each age, but wilregularities as orbital diffusion, and show that over time scales
not destroy the relationship. On the other hand, the intringiéseveral Gyr, that one cannot reconstruct friy the radius
metallicity dispersion of the interstellar medium can certain§t Which any particular star was born to better than a few kpc.
somewhat obscure this proportionality, especially if it were ddis is of the same order as the width of the distributiotiof
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504 " stars. Strykeretal. (1981) and Stryker (1983) subsequently con-
firmed this result. In the last few years, additional studies have
arrived almost at the same conclusions (Bertelli étal. 1992; Val-
lenari et al. 1996a,b). Westerlurid (1990) also remarked that the
star formation in the LMC seems to have been very small from
0.7 to 2 Gyr ago. A very recent burst of star formation (around
150 Myr ago) was also found by the MACHO team (Alcock et
al.[T999) from the study of the period distribution of 1800 LMC
cepheids. Their analysis present compeling arguments favour-
ing this hypothesis, as well as for the propagation of the star
formation to neighbour regions.

However, these results have more recently been questioned,
on the basis of colour-magnitude diagram synthesis. Some au-
thors claim that important information on the SFH are provided

R_ (kpc) by the part of the colour-magnitude diagram below the turnoff-
mass, which could only be resolved with the most recent ob-
Fig. 17.The histogram presents the mean galactocentric radius for gervations (Holtzman et al. 1999, 1997, and references therein;
orbits of 361 stars presently located near the Sun. According to BinnBysen 1990). These papers conclude that star formation in the
& Sellwood (2000), these mean galactocentric radii indicate with goegi C has been a continuous process over much of its lifetime.
coqfideqce the stellar ‘birthplace radii. This shpws that the SFH.here Note thatcontinuityin the SFH does not meagsnstancy
derived is not a local history, but the average history over a significanb, an et a1 [(1997) points that their method cannot constrain
partof the Milky Way disk. accurately the burstiness of the SFH in the LMC on small time
scales, particularly for ages greater than 4 Gyr. Nevertheless,

seen in Fig_17. We therefore conclude that our stars fairly retggy show evidence for an increase in the star formation rate in
resent the star formation history within a few kpc of the presetie last 2.5 Gyr. Dolphiri (2000) arrives to the same conclusion
Solar radiusp < R., < 10, or the “middle distance” regions Studying two different fields of the LMC, separated by around
of the Galactic disc. The SFH of the inner-disk/bulge, and t#ekPpc one from the other. The author recognizes that some large
outer disk are not sampled. environment alteration must have triggered an era of star for-
However, Binney & Sellwood (2000) have criticized thignation in our neighbour galaxy.
conclusion. They show that during the lifetime of a star, the In spite of the controversy, it is impossible not to verify
guiding-center of its orbit can change generally by no mofgat some results on the SFH of the LMC are in apparently
than 5%. In this scenario, the value Bf, that we have calcu- Synchronism with some SFH events in the Milky Way disk.
lated is close to the galactocentric radius of the star birthpla&alt this should be not really surprising. The Magellanic Clouds
and our star formation history would still be representative ofé4€ satellites of our Galaxy, and past interactions between them
considerable fraction of the galactic digk< R, < 9. were a rule, not an exception. Byrd & Howard (1992) showed
Another important conclusion of kinematic studies it thdhat @ companion satellite, whose mass is larger than 1% of the
the older is a feature in the SFH, the more damped it is recd/imary galaxy, could excite large-scale tidal arms in the disk
ered from the data, related to its original amplitude (see, f8f the primary, and we know that spiral arms do induce, or at
example, Meusingér 1991Lb), since the stars formed by the bi@ast organize, star formation. This number is to be compared
will be scattered through a larger region. Hence, the young'éi,th the mass ratio between our Galaxy and the Clouds which is
bursts in our SFH are the most local features. This does Ro20 (Byrd et all 1994). Besides direct tidal effects, the Clouds
mean that they are most probably ‘local irregularities’. In timgan produce a dynamical wake in the halo that distorts the disk
scales of 1-2 Gyr, the diffusion of stellar orbits homogenize atjVeinberd 1999). It is quite possible that such an effect could
irregularities in the azimutal direction, so that the bursts woufdso enhance the star formation in the disk (M. Weinberg, private

apply to the whole solar galactocentric annulus. communication). . .
Additional evidence comes from dynamical studies of the

Magellanic Clouds. Several groups have worked on the deriva-
tion of their orbits around the Galaxy. The full orbit of the Mag-
When evidences for an intermittent SFH in the Galaxy were filgianic Clouds are still unknown, but there is some agreement
discovered, Scald (1987) proposed that they could have origithe published works. The most important is that all of these
nated from interactions between the Galaxy and the MagellaMigrks conclude that the most recent close encounter between
Clouds. Indeed, the Magellanic Clouds are known to have prédbe Clouds and the Milky Way has occurred 0.2-0.5 Gyr ago,
ably experienced some episodes of strong star formation fof/aich was the closest encounter through the entire history of the
long time. Butcher (1977) first proposed that the bulk of star fopystem (however, Holtzman etial. 1997 mention an unpublished
mation in the Large Magellanic Cloud (LMC) has occurred froyork by Zhao in which the last perigalacticon occurred 2.5 Gyr
3-5Gyr ago, by the analysis of the luminosity function of fiel@g0). Murai & Fujimoto[(1980) calculated that other close en-

Number

5.3. The Galaxy and the Magellanic Clouds



H.J. Rocha-Pinto et al.: Chemical enrichment and star formation in the Milky Way disk. 1l 881

10 12 14 . . .
30 — — uncertainty in the Magellanic Clouds close encounters, as well
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Lo v v Vi { as on the chronologic scale of the chromospheric ages.

6. The features of the Milky Way SFH

2.0 —
15 N / 1 We now can return to the discussion of the meaning of each
154 \ \[//KDD i f feature found in the SFH derived in Sect. 3.
] f \ E#:/ ]
1.04 D/D/D u]
_ \ /\ | 6.1. BurstA
057 o o /\/3 7 The mostrecent star formation burst is also the most likely burst
1 og © D\ [kfﬂ to have occurred, since it has occurred in the very recent past,
T and so is less affected by the age errors. A recent enhancement
in the SFH is also present in nearly all previous investigations
of the SFH (Scalp1987; Barry 1988p@ez et al. 1990; Noh &
Fig. 18. Star formation history compared with the times of close erScalo 1990; Soderblom et al. 1991; Micela ef al. 1993; Rocha-
counters between the Galaxy and the Magellanic Clouds. Pinto & Macie[1997; Chereul et al. 1998), and is consistent with
the distribution of spectral types in class V stars (Vereshchagin
& ChupinalI993). It is not present in the isochrone age distri-
butions (Twarog 1980; Meusinder 1991a) most probably due to
counters have occurred 1.5, 2.6 and 7.5 Gyr ago. Gardiner etfad difficulty to measure ages for stars near the zero-age main
(1994) revisited Murai & Fujimotd (1980)'s model and recalsequence, where we expect to find the components of this burst
culated the epochs of the close encounters as around 1.6, i8.4,HR diagram.
5.5, 7.6 and 10 Gyr ago. However, Lin et al. (1995) have found We can conclude with confidence that it is a real feature of
different values: 2.6, 5.3, 8.4 and 11.8 Gyr ago. the SFH. However, being the youngest, it is also the rioast
From these results we can tentatively assume that, in fieature, because the younger stars have had no time to diffuse to
last 12 Gyr, the Clouds have had at most six close encountiengier distances from their birthsites. Thus, we cannot be sure
with the Milky Way occurring more or less at 0.2-0.5, 1.4-1.%from out data only) whether this feature applies to the Milky
2.6-3.4,5.3-5.5, 7.5-8.4 and 10-11.8 Gyr ago. Some of thg¢ay as a whole.
encounters are not predicted by all the authors, while some areOn the other hand, it is known that the Large Magellanic
in good agreement. For the sake of simplicity, we will refer t@loud appears to have experienced also a recent burst of star for-
these encounters as |, Il, Ill, IV, V and VI, respectively. mation (Westerlund 1990; Alcock et@al. 1999) which is very well
There are similarities between the time of close encourepresented by its young population of open clusters, cepheids,
ters and the events of our derived SFH. In Eig. 18 we show t@@ associations and red supergiants. At the time of this burst,
epoch of these encounters superimposed over our SFH. Welsati galaxies have been closer than ever in their history (Lin et
associate burst A with encounter |, peak B1 with encounter IHl.[T995). This suggests that burst A could be caused by tidal
and peak C1 with encounter V. It is not unlikely that peak Bidteractions between our Galaxy and the LMC.
could also be associated with encounter IV. On the other hand,
encounter VI probably cannot be responsible for any of the feba-2
tures found beyond 9 Gyr, since it occurs in an age range where’
the SFH is highly uncertain and subject to random fluctuatiors substantial depression in the star formation rate 1-2 Gyr ago
A significant exception to the rule is encounter Il. It isvas found by many studies, beginning with Barry (1988; see
thought to have happened in the middle of the AB gap. It seealso the SFH derived from the massive white dwarf luminosity
strange to think that a close encounter between interacting gafaxction derived by Isern et al._ 1999). This gap appears, al-
ies could suppress the star formation. Other mechanism shablough not directly, in the chromospheric age distribution (the
be responsible for the gap. On the other hand, Lin et al. (19%%)called Vaughan-Preston gap) and in the spectral type distribu-
have not found such an encounter. In fact, these authors pretian, between A and F dwarfs (Vereshchagin & Chupina 1993).
that by this time, the Clouds would be located in their apogala&-quiescence between 1 and 2 Gyr is also visible in Chereul et
ticon, more than 100 kpc away. al. (1998), in their study of the kinematical properties of A and
Although the comparison is very premature, we concludestars in the solar neighbourhood.
that the data on the age distribution and orbits of the Magel- This feature has been present in all steps of our work, from
lanic Clouds present some agreement with the Miky Way SFthe initial age distribution in Fidll 1 to the SFH. Note that the vol-
Have the bursts of star formation in the Milky Way been pratme corrections have deepened this lull, but it has not changed
duced by interaction with its satellite galaxies? The comparisits duration.
above certainly points to this possibility, that deserves more in- The AB gap is likely to have lasted for a billion years. Pre-
vestigations to be properly answered, since there is still mudbus studies have given a more extended duration for it, but
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Fig. 20.Comparison between Rocha-Pinto & Maciel (1997)’s SFH (for
Age (Gyr) Edv93's AMR) and the present chromospherically-based SFR binned

Fig. 19.Age distribution of Edv93's sample. The concentration of staPsy 1 Gyrintervals.

around 4 Gyr shows evidence of burst B. The lack of objects with ages

lower than 2 Gyr is not an evidence of the AB gap, since Edv93 avoided ) )
the inclusion of very young stars due to the difficulty to measure &i al.[1993 (hereafter Edv93) AMR. To be consistent with our

isochrone age for them. present result, we need to compare the present SFH with that

coming from Rocha-Pinto & Maciel’'s method for an AMR simi-

lar to that found from our sample (paper I). Our AMR now looks
we believe that it was caused by the use of a highly incompletery similar to the mean points of Edv93’s AMR. Rocha-Pinto
sample, together with a chromospheric age calibration that d&eblaciel (19974) have found, using Edv93’s AMR, that Burst B
not account for the different chemical composition of the starsould have around the same intensity as burst C, and also a nar-
Since it is a relatively recent feature, it only samples birthsitesw AB gap lasting 1 Gyr at most. F[g.[20 shows a comparison
over a radial length scale of 1-2 kpc. between their SFH (for Edv93's AMR) and the present history

binned by 1 Gyr intervals.

6.3. BurstB

The small lull between the peaks B1 and B2 is not presentin t?fél' BC gap and Burst C

initial age distribution (Fid.]1), appearing only after the volum&he existence of the BC gap is directly linked with how much
corrections. It is very narrow, which could be most probablyredit we are going to give to Burst C. From [igl 15, one could
caused by hazardous small weights of the stars in these age lsag,that no burst could be found around 8-9 Gyr, and all sup-
during the volume correction. This is why we have presently mmsed features are artificial patterns created by statistical fluctu-
means to distinguish burst B from a single burst or an unresohatibns. To reinforce this theoretical expectation, we have done
double burst. At its age of occurrence, considerable broadenagimulation to show how the features above could be formed
of the original features is expected. Either way, our simulatioby a bursty SFH. We have considered a SFH composed by three
give strong support to this feature. bursts, one occurring at 0.3 Gyr, lasting 0.2 Gyr, and the other at
Previous studies have found star formation enhanceme#tsyr, also lasting 0.2 Gyr, and the last ocurring at 9 Gyr, lasting
around 4 Gyr ago (Scalo_1987; Barry_1988; Marsakov et &.5 Gyr. The first burst and the last burst are composed by 300
1990; Noh & Scalb 1990; Soderblom etlal. 1891; Twarog 198stars, while the second burst is three times more intense. The
Meusinger_1991a). Note that a strong concentration of statar formation at other times is assumed to be highly inefficient,
around this age can also be found in the age distribution fofming only 60 more stars at the whole lifetime of the galaxy.
Edv93's stars, that we show in Fig]19. The recovered SFR is shown in Higl 21. Although the two more
A significant exception is the SFH found by some of uecent bursts can be well recovered, there is no sign of burst C at
(Rocha-Pinto & Maciel 1997). This paper suggests that bu&sGyr. We have tried other combinations between the amplitude
B would be much smaller than the preceding burst C. To firzahd time of occurrence of them, but in all cases the stars of burst
the SFH, Rocha-Pinto & Maciel used a method to extract info& were much scattered from its original age.
mation from the G dwarf metallicity distribution (Rocha-Pinto If on theoretical grounds there is no convincing arguments
& Maciel [1996) aided by the AMR (see also Prantzos & Silto accept the existence of burst C, the same does not occur
1998). The authors have used several AMRs from the literatune observational grounds. This puzzling situation comes from
and different SFHs were found for each AMR. The SFHs recothe fact that burst C has appeared in a humber of studies that
ered with the AMR from Twarog (1980) and Meusinger et ahave used not only different samples, but also different methods
(1991) were preferred compared to that found with Edvardss(@arry(1988; Noh & Scalo 1990; Soderblom etal. 1991; Twarog
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present chromospheric age distribution is not an efficient tool

2.0 | tofind its traces.

6\: 15 4 7. The shape of the chromospheric activity—age relation

LL 1 . .

n Soderblom et al[(1991) argued that the interpretation of the
% 1.04 7 chromospheric activity distribution as evidence for a non-
LUIS constant SFH is premature. Particularly, the authors have shown

054 4 that the observations do not rule out a non-monotonic chromo-
spheric activity—age relation, even considering that the simplest
fit to the data is a power-law, like the one we used.
O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Presently, there is good indication that the chromospheric
Age (Gyr) activity of a star is linked with its rotation, and that the rotation
rate decreases slowly with time. However, it is unknown how
Fig. 21.Results from an example simulation to show how the observegtactly the chromospheric activity is set and how it develops
features: Burst A and B and AB gap could be caused by two burgf§ring the stellar lifetime. The data show tttagre isa chromo-
separated by a |ull of star formation. See text for description of thgyheric activity—age relation, but the scatter is such that it is not
original SFH used in this simulation. presently possible to know whether the chromospheric activity
decreases steadily with time, or there are plateaux around some
‘preferred’ activity levels. There is a possibility that the clumps
1980; Meusinger 1991a; Rocha-Pinto & Maciel 1997). And We are seeing in the chromospheric age distribution (which are
appears double-peaked in some of them, as we saw in Sectf@ther identified as bursts) are artifacts produced by a mono-
The magnitude of the age errors prevents us from assigningic chromospheric activity—age relation.
a good statistical confidence to this particular feature. To keep the constancy of the SFH, Soderblom ef al. (1991)
However, it is not implausible that we have overestimatgatoposed an alternative chromospheric activity—age relation that
the age errors. A decrease of 0.05dex in the age errors casldighly non-monotonic. We have checked this constant-sfr cal-
alleviate the situation and allow the identification of peaks (abration with our sample, but the result is not a constant sfr. This
though highly broadened) younger than 10 Gyr, which wouid expected, since there are many differences in the chromo-
suggest that burst C is a real feature. A better estimate of #heric samples used by Soderblom (1985) and Soderblom et
age errors would not create new bursts, or flatten the recoveabd1991) and the one we have used (see our Fig. 11 in Paper I).
SFH in these age bins, but would give confidence limits for tii¥e have calculated a new constant-sfr calibration, in the way
ages where the features found are likely to be real and not jostlined by Soderblom et al. (1991). We have used 328 stars
artifacts. from our sample (just the stars with solar metallicity, to avoid
the metallicity dependence bfg Ry ), with weights given by
the volume correction (to account for the completeness of the
sample) and using the scale height correction factors to take into
The so-called burst D was proposed by Majewski (1993), amecount the disk heating.
star formation event that would be responsible for the first stars Fig[22 compares the chromospheric activity—age relation
of the disk, before the formation of the thin disk. we have used (solid line) with the constant-sfr calibration pro-
A superficial look at Fid.J8 could give us the impression thatosed by Soderblom et al. (dotted line) and the constant-sfr cali-
the peaks beyond 11 Gyr were remnants of this predicted bulsation from our sample (dashed line). The data and symbols are
However, as we have shown above, it is presently impossilte same from Soderblom et al. (1991). Both constant sfr cali-
to recover the SFH correctly at this age range, even if our dgetions agree reasonably well for the active stars, but deviate
errors are overestimated by as much as 0.05dex. The SFid@hewhat for the inactive stars. This is caused by the fact that
older ages are dominated by fluctuations, superimposed ontihbe consistent with a constant sfr, the calibration must account
original strongly broadened structures, in such a way that itfa the increase in the relative proportions of inactive to active
imposible to disentangle statistical fluctuations from real statars, especially arourldg Rj;; = —4.90, after the survey of
formation events. HSDB. Note that, our constant-sfr chromospheric activity—age
Theoretically, patterns as old as 13 Gyr could be found ielation is still barely consistent with the data and cannot be
the SFH, provided that they occurred not very close to youngeited out. There are few data for stars older than the Sun in
ones, if the age errors were decreased by 0.10 dex, but thah&plot, and it is not possible to know whether the plateau for
hardly possible to be attained at the present moment sincé§ R < —5.0 in this calibration is real or not.
would need to be of the order of magnitude of the error in the We acknowledge thagiven no other informationit is a
log Ry index. subjective matter whether to prefer a complex star formation
For these reasons, we give no credit to the peaks beydristory or a complex activity-age relation. Nevertheless, there
11 Gyr in Fig[8. If burst D has ever occurred, probably thare numerous independent lines of evidence that also point to

0.0

6.5. BurstD
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10.5 — Tt . 1 T T T T 1. Evidence foratleastthree epochs of enhanced star formation
in the Galaxy were found, at 0-1, 2-5 and 7-9 Gyr ago.
These ‘bursts’ are similar to the ones previously found by a
number of other studies.

2. We have tested the correlation between the SFH and the

j metal-enrichmentrate, given by our AMR derived in Paper I

We have found no correlation between these parameters,

. although the use of Fe as a metallicity indicator, and the

magnitude of the errors in both functions can still hinder the

] test.

3. We examined in some detail the possibility that the Galactic
bursts are coeval with features in the star formation history of
the Magellanic Clouds and close encounters between them
and our Galaxy. While the comparison is still uncertain, it
points to interesting coincidences that merit further investi-
gation.

] § 4. A number of simulations was done to measure the proba-

bility for the features found to be consistent with a constant

log age (yr)

8.0 — 77— SFH, in face of the age errors that smear out the original fea-
-5.2 -5.0 -4.8 -4.6 -4.4 -4.2 -4.0 tures. This probability is shown to decrease for the younger
log R' features (being nearly 0% for the quiescence in the SFH

HK

between 1-2 Gyr), such that we cannot give a strong as-
Fig. 22.Comparison between the chromospheric activity—age relation sertion about the burst at 7-9 Gyr. On the other hand, the
we have used throughout this paper (solid line), the constant-sfr cali- simulations allow us to conclude, with more than 98% of
bration proposed by Soderblom et al. (dotted line) and the constant-sfr confidence, that the SFH of our Galaxy was not constant.
calibration from our sample (dashed line). The data and symbols are
the same from Soderblom et 4l (199@):the sun; H, Hyades; U, Ursa  There is plenty of room for improvement in the use of chro-
Major Group; open diamonds, field F dwarfs; filled diamonds, binariesospheric ages to find evolutionary constraints. For instance, a
reconsideration of the age calibration and a better estimate of

.the metallicity corrections could diminish substantially the age

;ast;l;::tgas;:: E’;ma;:ﬁg:ésetgr{};nse_én;s;lrj%czntearrﬂ;gn(\,/:gg'osgrors, which would not only improve the age determination but

. ’ . ~—< > also give more confidence in the older features in the recovered
They use a totally different technique (colour-magnitude dlg-FH
gram inversion) and find clear signs of irregularity in the star
formation. In Sect. 6, we listed several other works that indicaigknowledgementsiVe thank Johan Holmberg for kindly making his
a non-constant star formation history, and the majority of thesata on the scale heights available to us before publication, and Eric
use different assumptions and samples. Strongly discontinudes for a critical reading of the manuscript, and for giving important
star formation histories are also found for some galaxies in tpi¢ggestions with respect to the presentation of the paper. The referee,
Local Group (see O’Connél[ 1997), in spite of the initial exped" David Soderblom, has raised several points, which contributed
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