Calibration of Star Formation Rate Tracers
using Evolutionary Synthesis Models
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Abstract Starburst phenomena can be characterized by their StardfiomRate,
which measures the mass converted to stars per unit timenvilie starburst re-
gion. Many diverse expressions for this magnitude, usiegetinission of the bursts
at different wavelengths, have been suggested in thetliteraUV radiation emit-
ted by young stars, FIR emission from dust heated by the U¥,freicombination
lines from the gas nebula surrounding the stars, X-ray earifsom X-ray bina-
ries, etc... Our objective is to use last generation evohaiy synthesis models to
calibrate the different Star Formation Rate (for constégitar formation bursts), or
Star Formation Strength (for instantaneous bursts) tesaicea consistent way. The
first step performed has been to derive the calibration o$ttieX-ray luminosity as
a Star Formation Rate/Strength tracer. In this contributie present the same kind
of analyses performed on several other tracers at lowemg@sgrsuch as the UV
continuum, the production of ionizing photons per unit ofi¢i, the total infrared
emission, etc. We also compare the expressions yieldedebyntidels with those
frequently used in the literature and discuss the rangesatfility of the latter ones.
Several results are presented, among which we stress tlegtampe of taking into
account both the age of the burst considered, as well as pleedtyburst (extended
or instantaneous) for the sources studied.

H. Oti-Floranes

Laboratorio de Astrofisica Espacial y Fisica Fundamei@aB (CSIC-INTA), POB 78, 28691
Villanueva de la Caflada, Spain, and Dpto. de Fisica M@ddtacultad de Ciencias, Universidad
de Cantabria, 39005 Santander, Spain, e-mail: otih@ilateffes

J.M. Mas-Hesse
Laboratorio de Astrofisica Espacial y Fisica Fundamei@aB (CSIC-INTA), POB 78, 28691
Villanueva de la Cafada, Spain, e-mail: mm@Ilaeff.inta.es



2 Oti-Floranes & Mas-Hesse

1 Introduction

The emission of radiation in most of the electromagnetigeaim a star-forming
galaxy is dominated by a starburst. The UV and optical domare controlled by
massive stars, and their ionizing radiation causes thelaegas which surrounds
the stars to emit conspicous recombination lines. Dusighestare heated when
absorbing part of the UV field, producing the FIR (far infrdyeadiation that domi-
nates this energy range over any other source whatsoewdin Baission is present
as well, both in thermal and non-thermal nature, being thméo a byproduct of
free-free transitions within the nebular gas, whereas dltterl appears when elec-
trons are accelerated by SNRs (supernovaremnants) andyerofirotron radiation.
Also, mechanical energy injected into the medium by SNedsupvae) and stellar

Tablel SFSestimators. Values by which magnitudes values should baptied in order to obtain
SFS

Magnitude IB (4 Myr) 1B (5 Myr) 1B (6 Myr)
Lrr (erg s ™My 1) 1.7%x10°% 25x 103 35x 10" %
Niye (571 Mo™h 6.7x10 %7 1.0x10 40 45x 1046

L(Ha) (ergs™™M,1)  49x10°%7.4x10353.3x10°%
L(Lyd)int (erg s ™M1 4.1x 1036 6.2x 10736 2.8x 103
L(Lyd)corr (€rg s ™M 1) 4.1%x 1073 6.2x 10735 2.8 x 103
Ex (erg s M, 1) 11%x103%1.4x103520x103°
Lsoftx (€rg s Mg, 1) - 2x1073

Lisoo(erg s TA-1My1) 33x103450x10°346.9x 1034
Loogo(erg s TA-1My1) 67x10341.1x 1033 1.5%x 10383
Lasoo(erg s TA-1My1) 2.8x10334.9%x10337.0x10 38
Lasgo(erg sTA-1My1) 42x103361x103358x%10 38
Lssoo(erg s 1A-1M,1) 83x10339.0%x103386x10 33
Loozoo(erg s TA-1 M, 1) 7.8x 10731 3.4 1031 2.5 10731

winds can heat the surrounding gas up to temperatures abnslbf Kelvin, caus-
ing it to radiate in the X-rays range. Therefore, physicagmtudes which quantify
all these different emissions can be usedSBR (star formation rate) estimators
[4, 11, 3, 10]. Similarly to the study carried out in [7] forfsX-rays luminosity,
here we present the calibration performed on lower enespetis of star formation:
Lrir, the continuum luminosity at 1500, 2000, 3500, 4400, 55@022200A, the
number of ionizing photons emitted per secoNg,(), the luminositied (Ha) and
L(Lya), and the mechanical energy injected into the medium pemskE ).

2 Evolutionary synthesis models

The synthesis models used were CMHKO02 [6, 2] and SB99 [5]wlich we as-
sumed solar metallicityZ = 0.020) and a Salpeter IMF (Initial Mass Function)
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with 2— 120 M., as mass limits for the nominal model. We considered the Genev
standard mass-loss tracks to compute the evolution of tlgnituales values for ei-
ther an EB (Extended Burst, constant star formation) modahdB (Instantaneous
Burst) model. These models are characterize@#y and by the initial mass of the
burst @S, Star Formation Strength) respectively. Magnitudes aagesicto any one

of them, depending on the model considered.

In order to calculaté.rr, we assumed thermal equilibrium in the dust grains, a
Cardelli extinction law withRy = 3.1 andE(B-V)= 1 [1], and absorption of 30%
ionizing photons. As [7] showed, there is saturation whensaeringE(B-V)>
0.5, thus we tookE(B-V)= 1 as nominal. When calculating yc, we applied thef -
correction, which involves rejecting 30% of ionizing phosp which are absorbed
by dust.

3 Results and discussion

In Tables 1 and 2 we show the inverse of the scaled values diffegzent mag-
nitudes studied at different ages of the burst. These aredhmes by which the
magnitudes values should be multiplied in order to obtatiheziSFR or SFS. The
effect of the age is clearly visible, especially in IB modélke ages were selected
so that the typical time band for both EB and IB models was eBeside, yc,

Table 2 SFR estimators. Values by which magnitudes values should béiptiet in order to
obtainSFR.

Magnitude EB (10 Myr) EB (30 Myr) EB (250 Myr)
Lrr (erg (Mg yr )b 19x10% 15x10% 1.2x10%
Niye (s (Mg yr=H—1h 41x10% 41x10% 41x10>

L(Ha) (erg s (Mg yr1)—h 30x10% 30x10% 30x10 %
L(Lyd)int (erg st(My yr1)71) 25x10% 25x10% 25x104
L(LyQ)corr (€rg ST (Mg yr1)=1) 25x 104 25x10 % 25x10 %
Ex (erg s1(Mg yr 1) 22x10% 11x10% 99x10 4
Lsoftx (€rg s *(Mg, yrH-1) 8x104 2x104 -

Lisoo(erg sTA"3(Mg yr1)™1) 41x104 33x104 27x104
Laooo (erg s 1AM, yr1 84x10% 66x104 51x104
Lssoo (erg s 1AM, yrt 34x10% 26x1074 1.8x 1040
Laaoo (erg s TA-1(M, yrt 65x 10740 42x10740 22x10°40
Lssoo (erg s 1AM, yr1 11x10°3 72x1040 36x1040

)
)
)
3 )
Lozooo(erg sTA- Y (Mg yr~1)-1) 23x10°%8 12x1038 67x10°%°

we display the calibration fdr(Ha) andL(Lya), assuming for the formef, = 10*

K andNe = 10? cm~2 [8] and for the latter one Ly photon emitted per ioniza-
tion event. ForL(Lya) we show two values: the intrinsic oLy a)i; and the
valueL(Lya)corr that would be observed considering that just 10% of the éariss
escaped from the burst, which is the fraction typically afsd [9].
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Fig. 1 Evolution ofLrr (left) andNyy (right) predicted by CMHKO2 for IB models (dashed line,
left axis, normalized t&FS= 1 M, 1) and by SB99(rr) and CMHKO02 {Ny,c) for EB models
(solid line, right axis, normalized t8FR = 1 M, yr~?1) as a function of metallicity (from bottom
to top:Z = 0.020, Q008, Q001), together with the values taken from [4].

The expressions fd8R taken from [4] and [11] were compared to the predic-
tions of the models. These calibrations from the literabggume mass limits for the
IMF different from ours (01 — 100 M), and hence a correction is needed to make
the comparison possible. This correction is two fold [19]tHe scaled values from
the models ar#139°/M32° = 3.4135 larger than the ones yielded by the published
calibrations, and 2) the number of massive stars relatileddotal number is higher
in our models. This can be amended studying the ratio of tlsemhbles for two
models, one with each IMF limits, after the first effect hasrbeorrected.

The general evolution of the magnitudes for IB models foB@wather constant
value or a small raise during the first3 Myr, after which massive stars start to die
and the magnitudes decrease. On the contrary, for EB modelsbserve a steep
increase during the first Myrs, which later flattens, untibanewhat steady state is
reached, when an equilibrium exists between death and@neattstars. In Figs. 1,

2 and 3 we can observe these behaviours, as well as the inf@as and metallicity
on the magnitudes shown.

In the evolution olLgr, L1spoandEx we observe a decreaseof0.7, ~ 0.7 and
~ 0.5 dex respectively within 4 Myr after the death of the firststir IB models,
whereas the fall ilNLy¢ is even higher, being one order of magnitude in orl@.5
Myr. The behaviour ofL4400 and Lssgg is different due to the importance of the
emission of WR stars in these magnitudes, which casues, ahove in Fig. 3, a
hump not observed in the previous observables, after a iprioease of B dex in
the values of the luminosities. This hump is quite bumpywshg a scatter of (8
and 025 dex forL 4400 andLssg respectively.

On the other hand, for EB models we observe a steep initiaeraf 07 dex
during 4— 5 Myr and a weaker increase of30dex afterwards up to 250 Myr in
the evolution ofLgr, L1sgo andL3zsge The values in the raises fhyg400 andLssoo
are higher, being 1 dex for the first regime an@ nd 07 dex for the second one,
respectively. A rapid approach to the steady state is obseirv the evolution of
Niyc, Which, after an increase of one order of magnitude durieditist 8 Myr after
the onset of the burst, remains constant. In the ca&g ot takes~ 40 Myr to reach
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Fig. 2 Evolution of L1500 and Lzsgo (left) and Ex (right) predicted by CMHKO2 for IB models
(left axis, normalized t&&FS = 1 M, 1) and by SB99 for EB models (right axis, normalized
to SFR = 1 M., yr™1) as a function of metallicity. LeftZ = 0.020 (solid) and @08 (dashed),
L1500 ON top, together with the values taken from [4] and [11]. Ridlom top to bottom:Z =
0.020, 0008, Q001.

the steady state, subsequent to a steep raiselof dex during the first 3 Myr and
of ~ 1.3 dex during the next- 35 Myr.

The dependance of the different magnitudes with respecéetalfitity is rather
varied, both due to the model assumed and to the magnituchessdeoed. If we
compare the models with solar metallicity to those width= 0.008, we find that
for IB models, there is medium dependanee25%) forLisoo Lrir @ndLasgo It
is somewhat higher fdrzsgo andLsspg (~ 60%) and much higher fdgx (0.2 — 0.4
dex). The influence o is weaker in EB models, being around 10% and even lower,
except forN y¢, which is~ 25%.

When assuming a lower value fd;, lifetimes of stars become longer, which
explains the larger values for the continuum luminositigsz andNyyc. For E it
works the other way, since the power of stellar winds inceeagh Z. However,
when SNe dominate over winds, like in EB models for age40 Myr, this trend
disappears.

Contrary to what [4] states, hiSFR(FIR) calibration does not apply for bursts
with ages lower that 100 Myr, but larger than this age, afitggndo our models,
as can be seen in Fig. 1. In fact, using his expression in tigerd00- 250 Myr
entails an errok 15 %. His calibration o8FR(Nyc) agrees well for ages 8 Myr
once it has beeri-corrected, otherwis&-R is underestimated by 30%. Also,
we show in Fig. 2 the value predicted fbisg by his SFR(UV) calibration and,
although [4] affirms that it should be used for bursts oldemnti00 Myr, there is
little error (< 12%) in applying it to bursts older than 30 Myr. Also, we comezh
our predictions with the value given by the calibration penied by [11], which
underestimateSFR compared to our models due to several facts: 1) their models
assumed a different SFH (star formation history), 2) theaye metallicity of the
sample used i€ = 0.016 and 3) the sample has an intrinsic scatter in the SFH.
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Fig. 3 Evolution (from top to bottom) of 4400 and Lssoo predicted by CMHKO2 for IB models
(left, normalized toSFS =1 M., 1) and by SB99 for EB models (right, normalized $6R = 1
M, yr~1) both forZ = 0.020 (solid line) and& = 0.008 (dashed line).

4 Conclusions

We have obtained robust calibrations3fR andS-Sbased on several tracers using
last generation synthesis models. As we have shown, a tiffelesht behaviour is
expected between instantaneous bursts and processesowdtact star formation,
and hence care should be taken when choosing the right moedeptoduce the
properties of the sources studied. Also, we have stresgeidnihortance of the age
effect, provoking thaSFR and S-S expressions should be given for a band of ages,
instead of being used regardless the evolutionary statbeobtirst, as is usually
done in the literature. A quantitative description of théeef of metallicty in the
tracers has been given, together with the explanation df dapendencies. Finally,
we have provided [45FR calibrations with an age range within which they can be
used with little error attending to our models.
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