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ABSTRACT

Aims. We study the expected properties of starburst galaxiesdardo provide the point of reference for interpretation iz
galaxy surveys and of very metal-poor galaxies. We conanmainly on the UV characteristics such as the ionizingtspgthe

UV continuum, the Ly and Hern 11640 line and two-photon continuum emission.

Methods. We use evolutionary synthesis models covering metabigifrom Pop 1l to solar and a wide range of IMFs. We also
combine the synthetic SEDs with the CLOUDY photoionizatimle for more accurate predictions of nebular emissiont@stlidy
possible departures from case B assumed in the synthesiesnod

Results. The ionizing fluxes, UV continuum properties, and predidtgd and Herr 21640 line strengths are presented for synthesis
models covering a wider range of parameter space than digreaiculations. Strong departures from case B predistare obtained
for Lye and & continuum at low metallicities. At low nebular densitiegtbare shown to be enhanced proportionally to the mean
energy carried by the Lyman continuum photons emitted byathiging source. Larger Ly equivalent widths are therefore predicted
at low metallicity. The Her 211640 line can be weaker than case B predicts (in terms of flwetisas the equivalent width) due to its
ionization parameter dependence and to the enhanced yinde?} continuum.

Conclusions. Our results have implications for the interpretation of-$teming metal-poor andr high redshift galaxies, for galaxies
among the Ly emitters (LAE) and Lyman Break galaxy (LBG) populationsd dar searches of Population Il stars in the distant
Universe.
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1. Introduction the use of strong Ly emission and nebular He emission to
search for objects containing Population Il (hereaftep F
tars. Since then, various searches for thentH&640 signa-

re from Pop Il have been undertaken affelient redshifts,

?7 elding so far non-detections and interesting upper Brait the
Pop Il star-formation rate density (see Schaerer 2008;adag
t al. 2008, and references therein). Furthermore, amaamg th
[fmerous surveys for lyyemitters at dierent redshifts, some

Over the last decade, the execution of deep multi-band imgag
surveys like GOODS (Vanzella et al. 2005, 2006, 2008, 200,
Popesso et al. 2009; Balestra et al. 2010) has resultedan c
logues of significant numbers of galaxies with photomeeit-r
shifts greater than five when the Universe was only a littlerov
a Gyr old. In some cases, these redshifts have been spe

scopically confirmed by the detection of kyn emission angbr , : -
the presence of an identifiable Lyman break. The availgtolfit studies have found objects with apparently unusually sttge

| . N ) emission (high equivalent widths), which could be indicatf
an increasing sensitivity in the NIR, notably with the newlyVery metaSI—pgoor(%even Pop III) s?tellar populations or uralsu

installed WFC3 camera in the HST and with the JWST in ti‘m”:s (see e.g. Malhotra & Rhoads 2002; Yamada et al. 2005)
near future, opens the possibility of selecting high qualéndi- Other groups have invoked “unusual” II\/iFs, extremely metal-

dates up to and beyond a redshift of 10. This is the epoch Whﬁl&)r stellar populations, afat leakage of Lyman continuum ra-

it can be expected that stellar populations have a very Iot/al_me diation to explain the apparently very blue UV slopes found f

Ii(t:_ity, WthiCh Irngytrﬁsul_lt in an exct_ess of hot, high mass stadr some very high redshifiz(~ 7) galaxies (Bouwens et al. 2010).

ating strongly In the Lyman continuum. owever, the significance of these results is questionainle,
To prowde_approprlate spectral templates for such met e present data does not require such “non-standard” gssum

poor star-forming galaxies and to predict the observabopr tions (Schaerer & de Barros 2010; Finkelstein et al. 201D). |

erties of starbursts with primordial and more evolved cloani e : . -
compositions Schaerer (2002, 2003) has computed new eV(ﬂ{ng- case, it is of interest to examine how reliable some of the

: . ) or observables predicted by standard evolutionaryhegid
tionary synthesis models and has demonstrated the mmmrtagreJ P y

of nebular emission (lines and continua) at low metallicityese ) . _ .

and other studies (see e.g. Tumlinson & Shull 2000; Tumiinso Indeed, a shortcoming of evolutionary synthesis modell suc

et al. 2001; Bromm et al. 2001) have in particular highlighte2S the ones mentioned above is that they calculate nebuisr em
sion in an approximate manner assuming simplified physics,

Send offprint requests to: A. Raiter such as case B recombination theory (cf. Osterbrock & Fdrlan
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2006), and constant emissivities for adopted constanegabdi 2.1.1. Stellar initial mass function

the electron temperature and density in the tdgion surround- _ . .
The main extension presented here with respect to the ealcul

ing the starburst. In fact, as demonstrated in this papgnjfsi . )
icant departures from case B are expected at low metagkiciti!ONS of Schaerer (2003_)' concerngfelient assumptions regard-
g the stellar IMF. A wide range of IMFs has been considered,

leading to stronger Ly emission, and the strength of nebulal” X
He i emission predicted by full bhotoionization models can p@cluding power-law IMFs, such as the Salpeter or Scalo )98
i emission prec y u' b loniza Fs, log-normal IMFs, and the Larson (1998) IMF. The cor-

reduced with respect to simple recombination theory. Idde d ced | bl h I
these physicalféects, related to an increased importance of cdi€SPonding parameters are summarised in Table 1. Therstella
ass range is defined by the lower and upper massftstMy,y

lisional efects at low metallicity due to lower radiative cooling™ d velver beind the sl tih | h
and harder ionizing spectra — for &y- and due to competition @1d Mip respectivelya being the slope of the power-law. The

between H and He for ionizing photons — for the intensity ¢P9-normal IMFs are described by the characteristic mdss
He n/H — have been known for a while in studies of metal-po&nd its dispersion. The cases computed here correspond to the

H 1 regions (cf. Davidson & Kinman 1985; Stasinska & Schaer% ses A, B, and E in the chemical evolution study of Tumlinson
1999; Luridiana et al. 2003) and planetary nebulae (Ssasifs 5006). The Larson (1998) IMF is described by a single parame

Tylenda 1986). Panagia (2002, 2005) has recently expldred p!€' ItS characteristic masé.. We have computed one such case,
toionization models for primordial nebulae. However, the i aSSuming the same value bt as Ciardi et al. (2001) in their
portance of the aboveffects for the UV emission lines has sd€&ionization calculations. Note, thataAt- 0.0004= 1/50Z, the
far not been thoroughly examined, in particular in the centeUPPer mass cutidis set toMy, = 100 or 120M for all IMFs,
of metal-poor and distant starburst galaxies and usingtgate SINc€ t_racks for more massive stars are not ava|I_abIe. Tae-qu
evolutionary synthesis models. The photoionization meges- tities discussed here are insensitive to assumptions olvike

) ; &t low masses. Our absolute quantities may therefore sibygply
are intended to provide a framework within which to improvEescaled to other IMFs including e.g. an extension belows1 M
our knowledge of primeval galaxies and related objects. Current knowledge suggests that the IMF for massive stars

Another limitation of the synthesis models of Schaer T close 1o Salpe_te_r with an upper limit by, ~ 100-120 M,
(2002, 2003) concerns the initial mass function (IMF). For-s 1'om solar metallicity down at least to1/50 Zo, and that a qual-
plicity, three diferent choices of the IMF were adopted for thgatve shift of th_e_ IMF towa_rds higher characteristic ”%ﬁsc'
bulk of the calculations in these papers. Howevdfedent IMFs eurs be_low a critical metallicity of the order @y ~ 107,
have been suggested in other studies related to Pop Il ahyd e&Schnelder etal. 2002, 2003).
stellar generations, and considerable uncertaintiesineomathe
true shape of the IMF in the early Universe and its dependente 2. Star formation histories
(or not) on physical parameters. To enable the examination o o .
the efects of a broader choice of IMFs on the expected obsefvor each metallicity” and IMF we have computed evolutionary
able properties of starbursts, we here extend the calonkatif Synthesis models for the two limiting cases of 1) an instanta
Schaerer (2003) to eight féérent IMFs. The resulting model Neous burst, and 2) constant star formation (CSFR). Refsults
grids, available in electronic format, should provideastat-the- Other star formation histories can be derived from the steat
art predictions for the interpretation of high redshiftaydes, to files for the simple stellar population (burst) models (seetS
estimate their contribution to cosmic reionization, anddther 2.1.4). In both cases the calculations have been carrieditut
topics. a small time step (0.1 Myr) to ensure the accuracy of the time i

The paper is structured as follows. In Sect. 2 we descrig“egr""te_d quantities for the CSFR case. The calculations teav
the input physics and the model calculations with our evohut D€ Carried out up to ages of 1 Gyr. This covers the allowed ages
ary synthesis code and with the photoionization code CLOUD#"d ©Of galaxies at redshiftsz 5.8, of interest here, as well as
The predictions from the synthesis models concerning the pficiently long star formation timescales to reach equilibriu
continuum, the ionizing flux, Ly and Hen 11640 emission are N various observable properties (cf. below).
presented in Sect. 3. In Sect. 4 we discuss the results frem th
photoionization models using black body spectra, expterte- 5 1 3. Nebular emission
viations from case B and provide simple formulae to describe
these &ects on Lyr. In Sect. 5 we show how to connect realisTo include nebular emission (recombination lines and camim
tic SEDs with results from photoionization models usingckla processes) in our synthesis models we initially make the fol
body ionizing spectra. Our results and several implicatiare lowing “standard” simplifying assumptions (see Schae(#2
discussed in Sect. 6. The main results are summarised inSec2003): ionization bounded nebula, constant electron teaipe
ture and density T, ng), and case B. Case B in particular as-
sumes that the recombinations to the ground-state imnadgliat
yield locally another ionization, and that photoionizasooc-
cur only from the ground-state. As we will see below, theelatt
2.1. Synthesis models may not be true in very metal-poor nebulae, leading to signifi

cant changes in the predicted spectrum of hydrogen. Wittethe
We have used the evolutionary synthesis code of Schaeremag&umptions both the H and He recombination lines as well as
Vacca (1998). with the physical ingredients (stellar tsackt- nebular continuum emission (including free-free and fbeend
mospheres, and prescriptions for nebular line and conimugemission from H, neutral He, and singly ionized He, and two-
emission) from Schaerer (2003). In particular these modalels photon emission of H) are fully specified and their luminpgst
low us to predict the integrated properties of stellar papahs proportional to the ionizing photon flu in the appropriate en-
at all metallicities from zero (Population Ill) to “normalSolar- ergy range. To reflect to first order the changes of the caniti
like metallicity. The computations have been done for thaesa in the Hu regions with metallicity, the value of the line lumi-
metallicities as in Schaerer (2003). nosity codficient and nebular continuous emission fE@@&nts

2. Modeling techniques
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Table 1. Summary of IMF model parameters. Model ID is the label usatiénFigures, colour code the colour and linestyle. Notedgfaition
of M ando is as in Tumlinson (2006). In particular sigma is the var@imcin(m), not logm)!

Model ID  colour code Mw My a M o referencecomment ID in files
Salpeter black 1 100 2.35 A in Schaerer (2003) S

B green, dashed 1 580 2.35 B in Schaerer (2003) B

C cyan, dashed 50 580 2.35 C in Schaerer (2003) C
Scalo blue 1 500 2.7 Scalo (1986) Sc

TA red 1 500 10. 1.0 AinTumlinson (2006) TA

TB magenta 1 500 15. 0.3 BinTumlinson (2006) TB

TE yellow 1 500 60. 1.0 EinTumlinson (2006) TR

LO5 blue, dashed 1 100 5. Larson (1998) 0]

2 For metallicitiesZ > 0.0004= 1/50Z,, we adoptM,,, = 120M,,, the maximum mass for which Geneva stellar evolution tracksavailable.
b Power-law exponent foM > 2M,.

at metallicitiesZ/Z,, < 102 are changed as in Schaerer (2003and other absorption lines if present. The predicted stejia
More precisely we adopt. = 30 (20) kK for lines (continua) absorption is small compared to the emission, except fost-po
Z/Z, < 1072 andT.=10 kK for higher metallicities, and a low starburst” phases (see e.g. Fig3. in Schaerer & Verhamn)200
ISM densityne = 100 cnt3.

For the Ly luminosity we have, with the assumptions just
spelled out: 2.1.4. Model output

oo Our evolutionary synthesis code predicts a large varietytof
Le(Lya) = (1 - fesdQ(H) X hviy, X 2p (1) servable and related quantities derived from the detayed s

as _thetic spectra. Here we focus on m_ostly on quantities descri
where the index ‘B’ stands for case Bg = o2+ o2T_is the ing the spectrum in the Lyman continuum, the UV (rest-frame)

. . . . 2 22S 1SS| i
total case B recombination cfieient, andfescis the escape frac- SPECtrUm, as well as the byand Hen 11640 emission lines.
The full set of model results, including also numerous other

tion of ionizing photons out of the H region (or galaxy). In all o X ; . : :
gp gion (or g Y) guantities not discussed in this paper, are available in-ele

Figs. shown in this paper we assurfig; = 0. In typical con- .
diti eff ~0.6-0.7. In oth d imatelanf tronic format upon request to one of the authors (DS), on
tionsaz,/ s n other words approximate} L>}1ttp://obswww.unige.ch/sfr, or via the CDS.

the Lyman continuum photons give rise to the emission ofa
photon, the assumption commonly made. Similar relatioss al

hold for other recombination lines, such as 81640, which 5 5 ppotoionization models
is of special interest here. In our “standard” synthesis efode

simply assume To predict more accurately the nebular emission from statbu
and to investigate possible departures from the simplifeed a
Le(lye) = Q(H) x ¢, (@) sumptions made in our synthesis models we use the photaioniz
Lg(He 1111640) = Q(He") x ¢y, (3) tion code CLOUDY version 08 (Ferland et al. 1998). The mod-

els we consider are ionization-bounded with a closed, spdler

with ¢; = 1.04x 107! erg, andc, = 5.67x 10712 (6.04x 10719 : i :

’ ) geometry and constant density. These assumptions imphrin p
erg forZ < 1/50 Zo (> 1/50 Z), and for fesc = 0. The atomic {c,jar that all ionizing photons are absorbed in the kegion,
data is from Hummer & Storey (1995) for low densities (cf:

o i.e. fesc = 0. In certain circumstances, especially in high red-
Schaerer 2003), anQ(H) and Q(He") are the ionizing photon gf egS::\Iaxies, a fraction of the Lyman continuum photoresae
flux (in photon st) above 13.6 and 54 eV respectively.

. A ) pected to escape (see e.g. Gnedin et al. 2008; Wise & Cen 2009;
Continuous nebular emission including free-free and boung,oymoy & Sommer-Larsen 2009). To first order the results
free emission by H, neutral He, Heand He®, as well as the oained in this paper can simply be rescaled to such cases, a
two-photon continuum of hydrogen is included as deicnlmed discussed below. The main input parameters of our models are
Schaerer (2002), assumifig = 20 kK forZ/Z, < 5.x 10" and  he spectral energy distribution (SED) of the ionizing seythe
Te=10kK qtherW|se. ebular density (given byy), the hydrogen number density),
As we will show below (Sect. 4), a proper treatment of alh jonization parametet)(), and the nebular metallicity (Zy).
relevant processes leads to significant deviations from B £, the SED we adopt black-body spectra describedggyaid
very low metallicities, increasing in particular thed-yuminos-  geps from our evolutionary synthesis models. The ionizatio

ity, L(Ly). In this case thé(Lye) can be rewritten as parameter (at the inner edge of the cloud) is defined as:

L(Lya) = Lg(Lya) x P x ig, 4) U = _ Q(H) (5)
4rri x n(H) x ¢

whereP andf,, are terms describing the mean photon energy in

the Lyman continuum, and accounting for for collisionfieets \herer;, is the inner radius of the nebula which has been kept
at high density. To compute the kyequivalent widthW(Lya)  constant in our models (30cm) andc is the speed of light. The
we proceed as in Schaerer (2002, 2003), where we use the G§fjall inner radius used in our calculations results in asplike
tinuum flux at 1215.67 A obtained from linear interpolatidn o(not shell-like) geometry of the nebulae. The ionizationapa:

the total (stellar+ nebular) continuum (in log) between 119Qter can change throughout the nebula (decrease towarels out
and 1240 A, chosen to avoid underlying stellanlgbsorption parts).
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Fig. 1. Relative output of hydrogen ionizing photons to UV contimulight, measured at 1500 A restfran@y /L1s0 as a function of metallicity
for constant star formation over 1 Gyr (left panel) and vesyryg bursts (right panelRy /Lisoois given inL, units on the left side of each panel,
and inL, units on the right. Results for fierent IMFs are shown using the colour codes and labels suisedan Table 1. The shaded area

indicates the critical metallicity range where the IMF ipegted to change from a “normal” Salpeter-like regime to aempassive IMF (see
text).

First, we have calculated the grid of photoionization medefrom the two-photon continuum process should be higher, in-
using the photoionization code CLOUDY covering log(= -4, creasing thus e.g. the predicted UV luminosity at 1500 A, for
-3, -2, -1; Top = 40,000-150,000 K; log(H)) = 1, 2, 3, 4 cm®  the reasons discussed in Sect. 4.
for a primordial nebula and a number of higher metallicities
total 192 models were computed for each metallicity. In otde . .
keep the same ionization parameter while changing the tyensi-1. lonizing photon production
of the gas, we adapt the number of ionizing photons (keepi

the shape of the SED). The metallicity is defined by scalireg s to cosmic reionization, is the the relative output of toyd

solar abundance pattern. . . en ionizing photons to observable UV light. Here we provide
Note that the electron temperature is neither constant rngr

, X S A L here the Lyman continuum fl is expressed in
fixed in our models. Its spatial distribution results frora tom- u:i{s gg%r\:\:}ton o an{j the UV :e:tl:‘ramtgﬁrlnin())(gity at 15:00
putation of each photoionization model and it is a functién ¢ - : ' 1 R-1 1 1yo1 1
: S is Lisgo in L, (erg s A1) or L, (erg s* Hz %) units 2.

depth in the nebula. In practice it depends on all the parammet A : : .
thaq are being investiggted . Up Z). For the (F:)oolest Alternatively, to derive the Lyman continuum output per tuni
rimordial model (the coolest black body, the lowest deresitd stellar mass (or per baryonu/Lisoo discussed here can be
P Lo Y, - - combined with the ratio SFR 1500 given below, or can directly
the lowest ionization parameter) the temperature in theripart be derived from the available data files
ofthe cloud is around 12,000 K and for the hottest ones itrresic '

ghuantity of interest, e.g. to determine the contributibgalax-

~38.000 K In Fig. 1 we showQy/Lis00 as a function of metallicity
Selected models were subsequently computed using {REcOnStant star formation over 1 Gyr (CSFR, left panely an
SEDs from the synthesis models described above. vefy young & 0-4 Myr) populations (right panel). As expected

Qn/Lis00 increases with decreasing metallicity, since the ioniz-
ing flux depends very strongly on thffective stellar tempera-
i i i ture and hence increases more rapidly than the UV luminosity
3. Predicted UV properties from synthesis models The IMF dependence also behaves as expected, with the IMFs
We now present and discuss one-by-one the main predictfongavouring the most massive stars showing also the highest th
our synthesis models forflierent IMFs (see Table 1), for metal-Qy/Lisoo ratios, sinceQy increases more rapidly with stellar
licities from zero (Pop Ill) to solar, and for twoftierent limiting mass than the UV luminosity. Notable is actually the inceeas
star-formation histories (bursts and SF®nst). Since proper- of Qy/L1s0o from Z, to ~ 1074Z,, where no major change of
ties of stars belowz < 107° (i.e. Z/Z, < 10°7®) essentially the IMF is expected (and a Salpeter IMF is favoured). For CSFR
converge to those of metal-free stars we assign this nuitglli and for a fixed IMF, the increase of the relative ionizing powe
value to Pop lll stars, as in Schaerer (2003). from solar metallicity to Pop Il is typically 0.4-0.5 dex, i.e. a
Note that all UV continuum predictions from the synthesifactor 2 to 3. When considering an IMF change from Salpeter to
models described in this Section are based on the simplified a

sumptions spelled out above to compute nebular emissida. Th? The transformation is logg/L.(15004)) = log(Qy /L, (1500A))-
implies in particular that at low metallicities the contriion  12.12.
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time evolution for bursts/CSFR models and different IMFs extreme dependence on metallicity. This is precisely dubdo
i ‘ T ‘ r fact that this IMF singles out a narrow mass range, instead of
1 averaging the metallicity dependence of stellar propedier a
1 larger interval in mass.
wr 1 The right panel of Fig. 1 shows a narrower rang®af L1500
= 71%6  for zero age or very youngs(0—4 Myr) populations. This is nat-
NN ural, since in this case no “average” is made over population
\ Poplll 1 of very different stellar ages and hence over strong variations of
stellar parameters. More important is the fact thigher values
of Qu /L1500 are obtained for young populations. This is mostly
due to the fact that such populations emit a lower UV luminos-
ity per unit SFR since a longer timescale is needed to reach th
“equilibrium value” of the UV output (cf. below). The ZAMS
values shown here correspond to the maximur@®@fL 500 €X-

155  pected for stellar populations offterent ages and SF histories.
i To illustrate this dependence on the SF timescale,
7 Qn/L1sodt) is shown in Fig. 2 for selected IMFs and metallici-
. ties. These curves show the smooth transition from the gesdli
E “ZAMS’ to the CSFR values over timescales froml0’ yr for
- 24/ massive IMFs (e.g. TE, TB) te 0.4-1 Gyr for the Salpeter IMF.
Note also that the timescale for UV properties to reach dsyuil
log(age) [yr] rium increases with decreasing metallicity, due to the aiggi-
fective temperatures on the ZAMS at I@&vIn short, we caution
Fig. 2. Temporal evolution 0B /L1seo for selected IMFs (Salpeter, TB, that the relative ionizing photon to UV ratiQy /L1500 may be
TE, colour-coded as in previous Figs.) and metallicitiesp(RI, Z,, la- uncertain by a factor of 4 depending on the SF timescale (for
beled). The solid curves show the time evolution for cortsi#fR mod- constant SF), or even more for bursts.
els towards their equilibrium value, the dashed curvesaimaneous Finally, it should be noted that at low metallicity the con-
burst models. See text for discussion. tribution of the two-photon continuum may be larger, as smow
later in Sect. 4, leading to somewhat lower value§Qf L1500
For constant SF this amounts to a decreas&@fLis00 by

— 25l

1og(Qy/Lyge) [Photon s7t / (erg s7t A-1)]

SFR=const @ 1 Gyr (thick), ZAMS (thin)

SFR=const @ 1Gyr
——— 71— 28
[ SFR higher than K98 |
-40.2 - |
= - r - -28.2
© = r |
0 T o404 RS ST S
5 ;] =N\VZ42
=1 N | / -| —28.4
= 9 1
>-40.6 / Va
© 4
= i // z N T
3 | > — -28.6
< sosl 1
>—40.8 |
B |
n i
e r SFR lower than K98 _| _ogg
10g(7,/2,) e :
[ it ZG) ’
Fig. 3. Mean ionizing photon energy in units of 13.6 eV as a function 5 - J4 : 7‘2 : (‘) -29
of metallicity, shown for SFRconst (thick lines) and for the ZAMS log(2/2.)
c]

(thin lines). Results for dierent IMFs are shown using the same colour
codes as in Fig. 1 (cf. Table 1). Lined and labels on the leficete o o
the Corresponding b|ackb0dy temperatu@al_ shows the approximate Fig. 4. Dependence of the SFR(UV) calibration on metaIIICIty andrIM
metallicity limit below with collisional &ects lead to significant depar- Shown is the SFR per unit UV luminosity at 1500 A in units of -
tures from case B. per (erg st A1) on the left y-axis, or in M yr~! per (erg st Hz'%)

on the right y-axis. Same symbols and colours as in previogisr&s

(cf. Table 1). These values assume constant SF over 1 Gyrddte
a massive IMF (i.e. all cases except Salpeter and Scalohtheted horizontal line show the value of the Kennicutt (1998RB5V)
crease of)y /Lispois larger, approximately 0.6 to 1 dex betweenalibration rescaled to a Salpeter IMF with,, = 1M, for compari-
solar and zero metallicity. Only for the “TB” IMF, a narrowd- son. Abovgbelow this line the SFR deduced from the UV luminosity is
normal mass function peaked Bt = 15M,, we find a more higheylower.



6 A. Raiter, D. Schaerer, R. Fosbury: UV properties of stestogialaxies

~ 0.2 dex for Pop Il and the most extreme IMFs (TE, C), andt Z/Z, < 1/50, which is only somewhat moderated by the in-
smaller changes otherwise. For zero metallicity poputetion creasing nebular contribution. Indeed, the latter couteb typ-

the ZAMS Qy /L1500 should be reduced by 0.15-0.3 dex for ically ~ 10-40% of the flux at 1500 A at SF equilibrium (see
all IMFs, and less at higher metallicity. Fig. 8) In other words neglecting the nebular continuum aoul
lead to diferences of 0.05-0.15 dex in the SFR calibrations.
At low metallicity the contribution of the two-photon contium

may be larger, as shown in Sect. 4, leading to somewhat lower

The properties of the ionizing spectra, such as their hasjmte- Values of SFRL1s0 than shown in Fig. 4. For Pop lIl and the
tailed shape and others have already been discussed inr&chdgost extreme IMFs (TE, C) this implies a downward revision of
(2003) and shall not be repeated here. For example, the hard.2 dex.
nessQ(He")/Q(H), measured by the ratio of Hig> 54 eV) to
hydrogen ionizing ¥ 13.6 eV) photons, we predict from our
new models are already bracketed by the the values predicted ) o
Schaerer (2003) (see their Fig. 5) for the Salpeter and ttie “64. Predicted Lya emission
IMF.

An interesting quantity describing the ionizing spectrtis , , i
average energy of the photons emitted in the Lyman continquﬂS‘?n;yCé qquL)“}/C?rlzrlT IVI\\/Illgéhasn%rfr?é(t:glelqc'?gsogrressfﬁgdarllrd 'mﬂels
E(Q(H)) (see definition in Eq. 6). This quantity and its deper}-'>'"9 E9- Icit wn Wi
déﬁée)gn( metallicity and ”V”gis %Iotted |?1 Fig. C)%/for constSt?t rﬁnes in Fig. 5 for constant star-formation (left panel) dodthe

ST S . ZAMS (right), the latter representing the maximumw({Ly«)
(thick lines) and for the ZAMS (thin lines). The correspangli
blackbody temperaturey, with the same mean ionizing pho-for each IMF. The dependenceswfLy«) are as expected from
ton energy are also shown for illustration. TypicalBQ(H)) Qn/L1s00 and the values shown here bracket those already pre-
. gy . 1. yp /) sented in Schaerer (2003) (with more limited variationshef t
is found to~ 1.5-2.5 times 13.6 eV, the ionizing potential o

neutral hydrogen, and its behaviour with IMF, metalliciand MF). To illustrate the departure from case B found at lowahet

age behaves as expected. These values correspond to afan“C'té,from photoionization models (see Sect. 4), we alsoveh

NV(Lya) computed from Eqg. 4 in the low density regime (i.e. for
l;lpaecclf[?:dy temperatures from 50 to 120 kK for the hardest feon = 2/3, thick lines). Here, the equivalent widths are a fac-

tor ~ 1.5-2.5 higher than our “standard” predictions (cf. Fig. 3)

__On this Figure we also indicate the approximate metalliCity, .o \ye assume that the continuum close to lsyunchanged
limit Zo, below which collisional fects lead to significant de- by this departure from case B

partures from case B, as shown below. In this metallicitygean

E(Q(H)) can also be used to compute more accurately the intrin- i , )
sic Lye emission line strength (see Eq. 8). A few words of caution abouV(Ly«) are appropriate. First,

note that for our computations @¥(Ly«) we use the continuum
o _ flux at 1215.67 A obtained from linear interpolation of theato
3.3. SFR calibrations from the UV continuum (stellar+ nebular) continuum (in log) between 1190 and 1240 A,

Figure 4 illustrates the variation of the UV luminosity fosER €h0sen to avoid underlying stellar &yabsorption and other ab-
as a function of metallicity and for the féérent IMFs. Plotted sorption "”e$ if present (Cf' abOVG:‘)- WhW(Lyr_;x) IS well_de-

is the conversion factor, defined by SFR ¢ x L,, whereL, fined theoretically, comparisons with observations rezjgome

is the UV luminosity in units of ergd Hz %, and SFR is the caution, given the possible complexny_of the continuouscsp
star formation rate in M yr-. As expected our model with trum shortward (due to the IGM in particular) and longward of

Salpeter IMF agrees well with the widely used calibratianir LY@ (due to non-monotonic shape of the nebular continuumy,
Kennicutt (1998) at Z after rescaling the latter by a factor 2.551d given derent choices of broadband filters (see e.g. the sim-
to account for our adopted value for the lower mass ¢ut-d!lations of Hayes &stlin (2006)).
(Miow = 1Mo)?. This Fig. clearly shows that in most cases the
use of the Kennicultt calibration at low metallicity may oesti- How much of the total radiative energy from the starburst is
mate the SFR, given the higher intrinsic UV output of such steemitted in the Ly line? For constant star-formation the frac-
lar populations. However, this may not be realistic singelies tion of the Ly to the bolometric luminosityl(Lya)/Lyol, iS
on the assumption of CSFR over a long timescalé@>-° yr).  shown in Fig. 6 for all metallicities and IMFs. At solar metal
In younger populations the UV luminosity per unit SFR is lowelicity and for a Salpeter IMF we obtain the well-known esti-
and hence and the determined SFR higher (e.g. Schaerer 200Mate of L(Ly«a)/Lboi ~ 3—6 % found in the first papers pro-
In fact, the non-monotonous behaviour of SER with moting Lya searches at high redshift (e.g. Partridge & Peebles

metallicity observed in Fig. 4 is due to the dependence of ti€67). The fraction of luminosity emitted in byincreases with
stellar contribution to the total UV output at this wavelémg decreasing metallicity, due to the higher ionizing photax fl
Indeed, the stellar UV output increases with decreagidgwn output per unit stellar mass. When case B departures at low
to ~ 1/50 Z/Z,, due to the decrease of the average tempenetallicity are taken into account, we find thatya)/Lyo can
ature of stars over their lifetime. At even lower metallest, reach up to~ 20-40% depending on the IMF, i.e. up to 10
however, their UV output (per unit SFR)ecreases since the times more than expected from earlier calculations! Thé&dsg
bulk of their flux is emitted at< 1500 A(cf. Fig. 2 in Schaerer values are comparable to those from the photoionization-mod
2003). This implies, for a fixed IMF, a re-increase of SERq, €ls of Panagia (2002) using very hot black body spectra. For
younger populationk(Lya)/Lyo is less dependent on the IMF

2 More explicitely the Fig. shows log where log SFR= logc + than for SFR-const shown here; values bfLya)/Lyo ~ 0.15-
log Lisgo + logcy, andcy = 2.55 for the IMF adopted by Kennicutt 0.20 (0.35-0.40) are obtained at I@wvith our standard (depar-
(Mjow = 0.1 M), orcy = 1 for Mgy = 1 M. ture from case B) assumptions.

3.2. Properties of the ionizing spectra
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SFR=const @ 1 Gyr ZAMS values
2000 T T
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Fig. 5. Predicted Ly equivalent width as a function of metallicity for constatardormation (left panel) and very young (—2 Myr) bursts (right
panel). Note the dierent vertical scales on the two plots. Thin lines show otaridard” predictions, thick lines the predicté{Lya) accounting

to first order for departure from case B following Eq. 8 (asggrow density, i.e.f.oy = 2/3, and neglecting the increase of the two-photon
continuum), leading to an increase by up to a faetdr5-2.5 at low metallicitiesq < Z,;). Results for dferent IMFs are shown using the same
colour codes as in Fig. 1 (cf. Table 1).

3.5. He 1 line emission from very metal-poor starburst constant as assumed in the synthesis models, it is not f@ssib
galaxies predict more accurately how departures from casdfécts the

o ) nebular continuum, without resort to photoionization mede
Our standard predictions for He11640 (using Eq. 3) for con-

stant star-formation and young bursts are shown in Fig. @yTh
complementour earlier predictions in Schaerer (2003) shogv

the expected behaviour. Clearly, strong nebular iH21640
emission from starbursts is only expected at very low mieigl

and for IMFs producing enough massive stars. As we will show
below, the predicted intensity of He11640 (and other Here- 0.4
combination lines) depends, however, also on the ionizgta
rameter and on the ISM density to some extent. Complete pho-
toionization models predict generally fainter Hel1640 emis-
sion, as discussed in Sect. 4.

SFR=const @ 1 Gyr
0.5 T T T

0.3

3.6. Importance of the nebular continuum

Figure 8 shows the contribution of nebular continuous einiss

to the total UV light at 1500 A for all metallicities, IMFs, dn

for the usual limiting cases of star-formation historiehékeas 0.1
for “normal” metallicities and IMFs the contribution is egively

small (£ 5% for SFR=const), the importance of the nebular con-

tinuum is larger for young bursts afod low metallicity, as al- B
ready stressed by Schaerer (2002) and Schaerer (2003).

Since the nebular continuum at 1500 A is generally dom- 8 e ) Y
inated by the two-photon continuous emission process,rdepa log(2/7,)
tures from Case B will lead to stronger nebular emission than

shown here at very IOW.m?ta".'C'ty (see Sect. 4). To first qrdq:ig_ 6. Fraction of the Ly luminosity to the total bolometric luminos-
the total two-photon emission is then enhanced by a f&for i ") (1y4)/L, for SFR=const as a function of metallicity and IMF.
low ISM densities, increasing thus the contribution of te®ur  Results for diferent IMFs are shown using the same colour codes as in
lar continuum to the total (stellar nebular) emission. At high Fig. 1 (cf. Table 1). Thin lines show results using our “stamti Ly«
density, the two-photon emission tends to zero. Howewvecgsi predictions; thick lines the improved results accountiagdepartures
the shape of the nebular continuum depends on the detaited deom case B at very low metallicity. Note the resulting sgdncrease
ditions in the nebula (density, temperature, etc.) whighrat of our revised (Lya)/Lyol values from solar to very low metallicity!

o N



8 A. Raiter, D. Schaerer, R. Fosbury: UV properties of stestogalaxies

SFR=const @ 1 Gyr ZAMS values
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Fig. 7. Predicted Har 211640 equivalent width as a function of metallicity for canst star formation (left panel) and very young 1-2 Myr)
bursts (right panel). Note theftérent vertical scales on the two plots. Results féiedént IMFs are shown using the same colour codes as in Fig.
1 (cf. Table 1). Note that photoionization models predicigyally fainter Har 11640 emission, hence lower equivalent widths, except fgh hi
ISM densities (see Sect. 4.3).
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Fig. 8. Contribution of nebular continuum emission to the totalssitin in the restframe UV at 1500 A as derived from our evohaiy synthesis
models. Shown are model for constant star formation (lefefaand very youngg 1-2 Myr) bursts (right panel). Results forfiirent IMFs are
shown using the same colour codes as in Fig. 1 (cf. Table 1).

3.7. Predicted UV slope licities. Thick (thin) lines shoy81550 (82000), defined as the slope
between 1300-1800 (1800-2200) A respectit€fpe upper set

From our synthesis models we also measured the slope of @hdines shows thg slopes of the total spectrum, including stel-

UV continuum with and without nebular emission (cf. Schaerdar and nebular continuum, the lower lines using the puriéaste

& Pelld 2005). In Fig. 9 we show a condensed overview of vagPectrum.

iousB-slopes for very young populations (ZAMS), representing

the steepest slopes, i.e. the minimumgppredicted from mod-

els. As before, the predictions are shown for all IMFs andatret 3 We use the standard definiti¢iy o A7,
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ZAMS values ZAMS values
-1.5 = i I I I -1.5
N\

2.5 2.5

L stellar +/nebuylag 4

UV slope (ﬁlﬁﬂ{))
UV slope (ﬁzuno)

L pure stellar P 4 L
. / / | .

35 L L/ L L \ _a5
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log(Z/7,) log(Z/Z)

Fig. 9. Left: Predicted UV slopgiseo and for all IMFs and metallicities. The values are shown feryvwyoung (ZAMS) populations, which
correspond to the bluest possible slopes (i.e. mingnallues). The upper set of lines shows the UV slopes of thégpetrum (stellas nebular
continuum), the lower lines using the pure stellar spectrBesults for dferent IMFs are shown using the same colour codes as in Fid. 1 (c
Table 1).Right: Same as the left panel, fBs000. Note the diference betweeB;soo andBaoo0, indicative of the deviation of the true SED from a
simple power law.

Clearly, the UV slope is stronglyfizcted by nebular emis- stellar SEDs. We have examined the nebular emission as a func
sion, leading to a significant flattening of the spectrumKajs. tion of the stellar (black body) temperaturg,,Tthe hydrogen
2in Schaerer 2003). While the stellar SED becomes steefler wiumber densityny, the ionization parameter (U), and the neb-
decreasing metallicity, the total spectrum exhibits thpagite ular metallicity (Z.,), using the models described above (Sect.
behaviour. If we assume a varying contribution of the nebuld.2).

continuum we may obtain any intermediate valugdfetween o analysis will focus mainly on the kyline and the asso-
the “stellar-nebular” and “pure stellar” cases. This fact and th&ated two-photon continuum emission, on nebulariHemis-
dependence g on the star-formation history and age (see €.4;5y and on the global nebular continufjm

Fig. 1 in Schaerer & Pelld6 2005), shows that the UV slope can- ¢ '

not be used to determine metallicity. For constant stamédion

(not shown here), the bulk of the models show equilibrium va); ;. Lya line and two-photon continuum emission

ues ofg ~ -2.6 to -2, quite independently of metallicity and IMF.

Fig. 9 also shows a fierence of the order of 0.2-0.3 betweeln Fig. 10 we show the deviation of the dyblack symbols) and
Bisoo andBa000. Such diferences may be relevant for comparg,, emission (red) and other quantities as predicted from pho-
isons of the UV slope estimated from broad-band filters. Lagionization models with primordial composition andtdrent
but not least, the precise shape of the nebular continuure-is gensities with respect to their case B values. To calculze 8
termined by the detailed nebular structure (i.e. its dettiém- |yminosities we adopt Eq. 2 and assuin@y) = 0.5¢;Q(H)
perature and density structure) and canfbected by departures for the luminosity in the two-photon continuum. The numatic
from case B, as the case of the two-photon continuum disdus$gctor Q5 ~ agrzfs/aggfp is appropriate for low densities. For sim-

in depth below. plicity we always compare the results to the low density timi
case B predictions.
4. Nebular predictions using photoionization At low density, the luminosity of both Ly and 2 emis-

sion are increased by a factor ©f1.3 to 3 over the black body
temperature range considered here. The physical reastimigor
For low metallicity nebulae ionized by very hot stars, thevan- strong departure from case B is due to collisiorfégdets, which
tional case B predictions for line and continuum emissi@rat increase the population of the = 2 level of hydrogen from
good approximations to the appropriate nebular astrophybi which additional ionizations can take place, leading oVéoa
this Section we present the predictions of detailed phate&@ an increased ionization rate in the nebula. In equilibritims
tion modeling for such nebulae with metallicities rangingni  implies an increased recombination rate and higher bynd
zero (primordiak Pop lll) to solar, explain the origin of depar-2y luminosities. Collisional excitation is significant in (y&
tures from case B, and present a parameterisation of thiésesiow metallicity nebulae with hot ionizing sources becalesgia-
than can be readily employed for the interpretation of lowahe tive cooling is reduced, leading to higher electron temiees.
licity nebulae. For simplicity, we first use black body spacs Photoionization from excited states (here frams 2), in partic-
ionizing sources and discuss later how to compare these witlr, is not taken into account under case B assumptions.

models
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Fig. 10.Lya (black), 2 (red), Hx (green), k8 (blue), Hen 1640 A (orange) luminosities over their predicted case Bhasities for the primordial
nebula. The black solid line shows(Eq. 6), the dashed lines shd®vx feo/ feon(log(ny = 1)) (cf. Eq. 7). Diferent symbols representfitirent
ionization parameters, namely open diamonds correspolagj¢d) = -1, stars to lodd) = —2, open squares to ldd) = —2, and open triangles
to log(U) = —4. It can be seen that kyand 2/ luminosities scale withP at low densities and Ly is further enhanced at higher density. Case B
values have been calculated using luminosityfiiccients forT.=30,000 K andn,=10? cm 3 from Schaerer (2003). For simplicity we always
compare the results to the low density case B limit.

To describe quantitatively thefect of enhanced photoion-tive increase of the ionization rate fromQ(H) to «« P x Q(H),
ization rates, including ionization from the excited 2 state, it and hence to the same increase in the recombination raes, i.
is suficient to consider the mean energy of the ionizing photolaso in the Lyr and 2 luminosities.

in units of the ionization potential of hydroge, given by The dfect of “boosted” Lyr and 2 emission just discussed
- depends on the nebular metallicity. This is because moralsnet

f13.6 oy Frdv /(136 eV) (6) are present ar_ld moréﬁi_*;i_ent cooling result_s in cooler gas than

fw F gy ) ’ in the primordial metallicity case, decreasing the caliil ef-
136 eV v fects for H. The range over which theseets take place is dis-

whereE is the average ionizing photon energy in the Lyman Coﬁyssed below.

tinuum in units of eV. Indeed, as Figure 10 shows, the enhance

ment of the Lyr and two-photon continuum emission, whicty 1.1. Density effects

both measure theffective recombination rate, scales very accu-

rately withP at low density. This scaling shows that the availablgigure 10 also shows that kyis further enhanced at high den-
energy of the Lyman continuum photons — which is in excestgies at the expense of two-photon emission, the sum ofatbe t
of the necessary minimum of 13.6 eV — is “optimally” used ttuminaosities being essentially constant if all other pagtars are
maximise the number of photoionizations, leading to ince  kept fixed. Collisional mixing of the relative populationfstbe

E
P= 136eV
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different balance between processes in the nebula. However, the
change infe has little étect on the values df(Lya) for low
density. We usd., defined in this way for convenience since it
allows us to reproduce the CLOUDY results. As Fig. 11 shows,
our fit formula allows us to describe densitffexts with an ac-
curacy of+10% at high density and somewhat better at tow

_ The black dashed lines in Figure 10, showil x
feo/ feon(log(ny = 1)), show how well our analytical predic-
tion for Lya, including also densityféects, works at primordial

fcoH

metallicity.
Panagia 1973
L this work ]
O N T T D 40
1 2 3 4 5 6 a
log(n(H) [em™]) i
3.5 .
Fig. 11. f,o factor accounting for the densityfects. The red line rep- r W‘g
resents the 3-parameter fit obtained on the basis of the iphitation = 3.0F
modeling (con) to be used in formula 8 to calculatglya). At each 'e Fd
density, vertical lines show the spread fyg, values arising from the < 55l %‘?D%
different Ty, andU models used: models with highegsTand lower U E
have higherf., values. The fit has been made for primordial nebular < s
abundances and the black dotted lind.ig from Panagia (1973). S 20F
L& N
n = 2 levels between?5 and ZP of hydrogen alter the rel- 1.5y ©
ative importance of the rates of &yand two-photon transitions / 5
resulting in increased line emission relative to thee@ntinuum. Tob— L o
To correct for this #ect under case B assumptions, Panagia 40 60 120 140

(1973, see also Stiavelli 2009) writeflya) = Q(H) x hviy, X

feon (cf. Eq. 1), where . . .
Fig. 12. The Balmer decrement as a function aof, and ny for pri-

l+axng mordial metallicity case. Note thatdHis boosted for high g, due to

feol ¥ ————, 7 isi itati
coll 15+bxnp (7)  collisional excitation of hydrogen.

with a = b = 1.35x 1074, and wheren, is the proton density.

In this way the factorfs ranges from 23 ~ aggfp/aB for low

densities tdfcq = 1 for high densities. Under these assumptions,

Ege tvao-;ahoton continuum luminosity i52y) = Q(H) xhviya X 4.1.2. Applicable metallicity range
— lcoll)-

To derive the corresponding numerical factor from our d&e efect of collisional excitations, allowing for photoioniza-

tailed photoionization models and to separate the Qegsﬁity fion of H from excited states, depends on the electron teaper

fect from the enhancement fact®rfound above, we definéoi  1re of the nebula, and hence on its metallicity. To find thea

through: of nebular metallicity where our analytic expressionsiftiy @)

L(Lye) = (1 - fesdQ(H) X hviyy x P x £ (8) holds, we have computed model grids gﬁeﬁent me.tallicit_ies.
We can then ascertain how much our fit to the primordial case

The corresponding values (Efolh obtained for our grid of mod- deviates from CLOUDY models as a function of metallicity.

els for primordial nebulae are plotted in Figure 11 as a fionct

of the input hydrogen density. Also shown is, for compNariso?It

Panagia’s expression (Eq. 7) assumipg= ny. Notice thatfeq

presented here is not derived from thexlgnd 2 luminosities

The critical metallicity where the luminosity obtained byro
deviates on average (for the entire grid of models) by 10 %
from the correct one i€ ~ 0.03 Z,. At higher metallicities,
(which ranges from /3 to 1 as in Panagia’s formula) but it isC0C!€" nebulae are produced and hence collisiofiatts play a
the fitting formula which has been calculated by comparirg tﬁmaller role in boosting hydrogen emission. However, thece
right hand side of equation 8 with our CLOUDY results. only decreases gradually for higher metallicities and depen

: : ; ... the detailed condition of the gas. For instance, in our satiorhs
For convenience, we derive the following 3-parameter fit for Znep = 0.05 Z,, the average deviation of the results obtained

~ l+axny with our formula (primordial case) with respect to the CLOYD
feon ~ 9 results is 13%, while for &, = 0.1 Z, it is 20%. The value of

the “transition” metallicityZ,, ~ 0.03 Z, below which Lyx
with a = 1.62x 1073, b = 1.56 andc = 1.78x 10°3. The coef- (and the 2 continuum) are significantly boosted (modified) by
ficients obtained here fier from those of Panagia (1973) due talepartures from case B, should therefore only be taken as an
the fact that we have used a suite of photoionization modets c indicative value. Tailored photoionization models aregssary
ering a wide range of gy andU resulting in diferent T, and a for more accurate predictions.

b+cxny’
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4.2. Other H lines T, = 100,000 K, n, = 10% cm™>, log(U)=~1
10.00 T T T T T T T

bb attenuated cont
nebular, primordial
total, primordial
nebulor, 1072 Zgyn
total, 1072 Zg,,
nebular, 107" Zgyy —
total, 107" Zg,, =mrimsnimen -
nebular, Zg,,
total, Zg,,

The luminosities of other hydrogen lines are close to theesed
predictions as is shown in Figure 10 forrigreen symbols) and
Hp (blue symbols). They are basically independeritof

These lines are used to calculate the Balmer decrement
which is conventionally used to measure the extinction. The 90
Balmer decrement (&/HgB) obtained from our grid of models
for log(U) = -1 is shown in Figure 12. It increases towards -
higher T, and exceeds the values commonly used, for ex-
ample 2.86 fome = 10 cm and T = 10 kK (Dopita &
Sutherland 1996). The reason for the enhancetHd ratio is 0.10
the collisional excitation of hydrogen, one of the conttdis
to enhanced Ly and 2 emission. This ffect (see Osterbrock
2006) occurs when photoelectrons carrying enough energnwh
colliding with H atoms, excite higher levels followed by rad oo1l |
tive cascade. Enhanceddémission increases the Balmer decre- ' 1000 2000 5000 7000
ment which must be accounted for when calculating the extinc A [A]
tion. An enhanced Balmer decrement was already found,re.g. i
tailored photoionization models for the metal-poor galadyv  Fig. 13.Continuum of ,=100,000 K models as a function of the neb-
18 (Davidson & Kinman 1985; Stasifiska & Schaerer 1999) amntir metallicity for a constant density and ionization paeger. The

other giant Hu regions (cf. Luridiana et al. 2003), and has alstgd solid line represents the transmitted stellar (bladypoontinuum.
been addressed by Luridiana (2009). The thin lines are nebular only contributions to the conimu The

thick lines are the total continuum emission (stellarebular). The first
model is normalized at 1240 A and the rest are rescaled dogtyd

1240A i 116404
15004

£
)

4.3. He n lines

abundances, log(U)=—1
T T

considered as one of the signatures of Pop lll or very magalp ~ '0%F 7
stars, which are expected to have a very hard ionizing gjectr

1240A 1640A -
15004 nebular, log(n,)=1

The Hen 1640 A line is of a particular interest since it has been Ty, = 100,000 K, primordial
E T

bb attenuated cont ——— 1

emitting copious Héionizing photons. Figure 10 (orange sym- IRt ) o
bols) shows Her 1640 A emission line luminosities relative to Fo ISyl 1
their case B values, calculated for the safg@andn as the hy- Look 1N N ﬂebjf;g"}gggg:gj 77777
drogen lines. For lower ionization parameters, the lineobees total,log(ny)=4 ===

weaker. This is due to arffect already discussed by Stasihska & | ~.
Tylenda (1986) in the context of planetary nebulae. Phototls .~ N
suficient energy to ionize Heare also able to ionize hydrogen. -

When calculating the luminosity of He in synthesis models, 010
it is assumed that every photon with an enes@4 eV ionizes

one H¢e ion. The absorption of some high energy photons by H
atoms results in a decrease in the number of photons awaf@bl
producing Hex emission. The fect becomes significant at low
ionization parameters since then the*H¢? fraction decreases ool . | | L
and the probability of the high energy photon being absoldyed 1000 3000 5000 7000
a H atom rather than by Hés higher. This means that the syn- MA

thesis models give an upper limit for the Hduminosity. We

have not found a simple analytical prescription to accoont fdrogen number density at the primordial metallicity andstent ion-

the dfect of th|§ process on th_e l-ﬂ[elumlanSIty. o ization parameter. The red solid line represents the tratesivstellar
~The behaviour of the equivalent width of Hes discussed (pjack body) continuum. The thin lines are only nebular dbations
in Sect. 5. to the continuum. The thick lines are the total continuumssioi (stel-
lar + nebular). At higher densitiesyZontinuum gets destroyed due to
collisions. First model normalized at 1240 A and the restakes ac-
cordingly.

/“

Fig. 14. Continuum of F,=100,000 K models as a function of the hy-

4.4. Nebular continuum emission

Nebular emission arising in I regions can contribute signif-

icantly to the measured spectrum. The total nebular contmu

is the sum of the free-free, free-bound and @ntinua of hy-

drogen and helium. Several nebular parametfechits shape.

It depends on the electron temperature, ionization parmmetium, and its shape is altered as expected from atomic physics
nebular metallicity and particle density in the gas, asifus- (see Bottoff et al. 2006) due to the decrease of the average
trated by Bottoff et al. (2006). In Figure 14 we show the denelectron temperature at higher metallicity. Evolutionsypthe-

sity dependence of the nebular continuum, which maiffigcts sis models such as ours, cannot properly describe the yafiet
the 2y emission and hence also the shape of the continuum Iseapes and strengths of the nebular continuum shown hece, si
tween Lyr and the Balmer jump. Figure 13 shows the depethey rely on simple assumptions such as constant nebular den
dence on the nebular metallicity. For higher metallicititbe in- sity and temperature. Again, tailored photoionization eledre
creased cooling lowers the total emission in the nebulatiton necessary for more accurate predictions.
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5. Photoionization models for realistic SEDs of Fig. 15, leading to non-negligiblefiiérences e.g. for equiva-

. . - . _lent widths predictions of emission lines (cf. below). IgFL5
In th'fs Sect|or|1 ¥Ve show h?ﬁv to relat(;e Irealliﬂctr]SEDs Ohtgr?f'n?d;]ht panel) we also show the stellamebular SED predicted
€.g. Trom evolutionary Syntnésis modeis wi € resuisnir by our synthesis models assuming constant nebular demsity a
the photoionization models discussed above, which usezk bl mperature and case B (green line). Thiedénces between

body spectra. Finally, we show the updated predictionskHer this and the full CLOUDY model are mainl -

) : . X y due to the boosting
equivalent widths of Ly and Hen 11640 lines obtained from : : : :

our CLOUDY models. of the 2y continuum discussed earlier, and to varym@ndTe.

5.1. How to connect realistic SEDs with black body 5.2. Ly equivalent width predictions

calculations The measurement of the equivalent width oflig both obser-
vationally and interpretationally flicult, since the continuum

I g . . . _
are the main parameters determining the luminosity of the-H rgyound It is &ected on one side at high redshifts byel for

S X est absorption and on the other by an unknown combination of
combination lines and qf_theyZ:ontln_uum,Q(H) andP sufice 2y continuum and starlight. Furthermore, when not measured
to compute these quantities from arbitrary SEDs. To accalgot from spectroscopy, it is common practice to measteya)
for dens_lty dfects, Eqgs. 8 and 9 can be used to Y'?'d the COIT&HA a line to continuum ratio with the continuum estimated at
Ly luminosity. Numerical tests using SEDs described in Sect

show the validity of this result, typically within 2-3%. Fbtack ) g;?g;f”rﬁ‘;ta;'g’(}gqgerg gi‘&%‘?f%t)"“ﬁaig 't\f\é’; 'r'g\“,?éffecam'by
bodies the relation betweéhandTyy, is given by -

Hayes &Ostlin (2006). To illustrate the possible impact or un-
Too[kK] = 5342+ 69.85P (10) certainty related to the way the continuum is estimated wseu
to a good approximation. The black body temperafTig(P) quently plqt Ly equlva_lentW|dths predicted from the CLOUDY
corresponding to the more realistic SED is thus easily detéfodels using the continuum at both 1240 and 1500 A as a refer-
mined. ence. o
For other quantities, such as the Hdine luminosity, the _ Figure 16 shows the predictions faN(Lye) from all
correspondence between black bodies and other SEDSés-di CLOUDY models for primordial composition, as a function of
ent. For example, since the relative line ratios of il lines Tbb , ionization parameter and hydrogen density. Black sym-
depend to first order on the relative number of*ftéionizing Pols show the predictions using black body spectra and ateou
photons, the black body with the same hardr@@set)/Q(H) is ing for the nebular continuum; red symbols the same but ne-
the most appropriate. For black body spectra one has, tod g&éecting the nebular continuum. Blue symbols show the tesul
approximation: from CLOUDY models using SEDs from our Pop Il synthesis
_ 5 models for zero age populations, plotted at the correspandi
Top[kK] = 3146 + 3824 x + 26875X + Too(P) value (see above). Pink symbols sho¥{lLy«) predicted
+1033x° + 20.12x* + 1.545x°. (11)  from our standard synthesis models neglecting the boosg®f L

wherex = log(Q(He")/Q(H)). Again, we have tested a numbekcase B departure). . ) .

of models and confirmed that one can get the same luminos- OverallW(Lya) increases with th&y, or equivalent since

ity (within a few %) using SEDs and corresponding black bod§i€ Lye luminosity ¢ Q(H) x P) increases more rapidly than the
models, for otherwise identical nebular parameteriebences continuum flux close to Ly. For very hot models and if 1500

of ~ 10% can appear in case of significantly (several eV) dif is taken as a reference for the continuw(Lye) tends to
ferent values oP. In principle not only the stella@(He*)/Q(H) a maximum value (here 2000 A, as shown in col. 2) since
ratio determines the He emission, but also the conditions inline emission and the dominating nebular continuum scatlegn

the gas. Sinc® establishes the electron temperature, significaséme manner. For the reasons discussed above (absence of the
differences inP result in diferent luminosity coficients (re- Lyman break), predictions based on black body spectraKblac
combination rates and emissivities). and red symbols) overestimaté(Lya) compared to models in-

In Fig. 15 we show such a comparison between a realistituding more realistic stellar SEDs (in blue).fl2rences be-
SED from our synthesis models (Pop Ill, Salpeter IMF 1-10veen black body models including or neglecting the nebular
My at zero age, instantaneous burst) and the appropriate blaoktinuum (black and red) decrease with increasing ISM den-
body, chosen such as to reproduce the correct H line luntiessi sity, because of the decrease of the éntinuum. This also
and nebular continuum. Here the average photon energy in ehlains the decreasingftirence betweeW/(Ly«) using 1240
Lyman continuum i€ = 30.033 eV, hencdy, = 102 kK. The and 1500 A as a reference, whap increases. Last, but not
input spectra, shown on the left panel, are scaled to the sae@st,W(Ly«a) predicted by our standard synthesis models for the
total Lyman continuum fluxQ(H). The nebular parameters areZAMS (pink symbols) fall below the more accurate CLOUDY
log(ny) = 1 cn73, log(U) = -1, and primordial composition.  predictions (blue), since the latter account for case B depes.

Several interesting points are illustrated with this figurédnce applying the simple correction given by Eq. 4 one obtain
First, as the left panel shows, it must be remembered thisreathe result which takes into account the increase im luye flux.
tic SEDs show a Lyman break due to the hydrogen opacity in th®wever, that is only the first order correction which doesimo
atmosphere of the hot stars responsible for the flux. For goudlude the diference coming from the continuum, mainly a sim-
ages this break corresponds typically to a flux increase By2- ilar increase in the2continuum. In cases when the continuum
0.3 dex at 912 A, as discussed e.g. by Schaerer (20083on- is measured around by(1240 A) stellar flux is dominant so the
sequence, calculations relying on black body spectra wstier
mate the observable UV continuum, as shown in the right pal

Ndih the definition adopted there, the 918ux average (over 1080—
1200 A) includes strong absorption from the 181084 line. This

4 The amplitudes of the Lyman break, 91212, given in Schaerer leads to values of 912912 < 1 despite the fact that all models show a
(2003) for very low metallicities are correct, but misleagli Indeed, Lyman break in absorption.
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Fig. 15. Left: Comparison of input stellar spectra for photoionizationdels showing a realistic SED (blue line; Pop Ill, SalpeteFIi#100 M,

at zero age) and the corresponding black body spectrumifie)ddith the same average photon enerfgy30.033 eV) in the Lyman continuum.
The SED model is normalized at 1240 A and the rest rescaledatolmthe same ionizing flu®(H). Right: Input stellar spectra (dash-dotted,
same colours as left panel) and predicted nebular and totgihcia from our CLOUDY models for log(H)) = 1 cnt2 and logU) = -1 (solid
lines, using the same colours as in left panel; cf. also ifmesymbols). The green solid line shows the total (stelamebular) SED from
our evolutionary synthesis model assuming constant nebelasity and temperature and case B. Notice tlfierdince between case B and the
CLOUDY result due to enhanced 2mission.

correction described above gives a good estimate of the@ormigh ionization parameter afat high density do photoioniza-
W(Lya) value (see Fig. 17). tion models predictW(1640) values as high as those given by
Schaerer (2003).

5.3. He n 11640 equivalent width

The right column in Fig. 16 shows the predicted Ha1640
equivalent widths for the same CLOUDY models except that
Ton(X) from Eq. 11 is used here . The nebular continuum prén this section we give a recommended step-by-step proeedur
dicted at 1640 A is included in all calculations ¥#(1640). which allows the correction of the synthesis models for the d
In contrast to Ly, the Hen equivalent width depends onpartures from case B in ionization bounded regions (i.eh wit
the ionization parameter, since the line luminosity changkeakage of Lyman continuum photons), relevant especialty f
due to the “Stasinska-Tylenddfect”. For high ISM densities the case of very hot stars and very low metallicities.

W(1640) increases due to the decrease of the nebular confor L(Lya):

uum. Differences between models assuming black body spectra

(black symbols) and realistic SEDs (blue) are minoM{l640) — Take the SED (function of age, IMF, ...).

as long the nebular continuum dominates at these wavelength- Get (or compute) the mean energy of Lyman continuum pho-
This is true for stficiently hot spectrax{ 80 kK). Compared tons,P, in units of 13.6 eV. .

to predictions from our standard evolutionary synthesislimo — Compute the “collisional” factorf.o; from our fit formula

els (pink symbols) the He 11640 equivalent widths predicted (Eq. 9).

by CLOUDY are significantly lower folfp, 2 100 kK. Thisis  — Multiply the synthesis model resul(Ly ) by P feou/(2/3)

due to two &ects, the Stasinska-Tylendfiext reducing the line (Eq. 4).

flux, and the increase of theshebular continuum. At loweF,,

, case B predictions give an upper limit (corresponding to o&ror W(Lye): divide the equivalent width obtained by the syn-
highest ionization parameter case) for HHd1640. Only for a thesis model of interest by2and multiply it byP = f.o. This

5.4. Summary: correction of evolutionary synthesis model
results for departures from case B
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Fig. 16.Equivalent widths\\V,) of Lya at 1240 (column 1) and 1500 A (column 2) and iH&1640 (column 3) for a primordial metallicity nebula
at different densities and ionization parameters (marked witbrént symbols as defined in the inset). The red symbols shavpper limit for
W, (Lye) since they are calculated using only stellar (black boadytiouum. Blue symbols — the most realistic predictions evskthe results
obtained for the corresponding stellar population SEDsdgi®owith the sam® in the case of Ly and with the same logf(He*)/Q(H)) for the
He u analysis, for simplicity only models with logl) = —1 are shown) and the pink ones their case B predictions. &lttie dependence of the
He n 11640 equivalent width on the ionization parameter and therdpancy between its case B and photoionization modeiqpicts for real
SEDs.

provides the first order correction fa¥(Ly @), neglecting the in- tinuum photons, i.efesc = 0. For density (or matter) bounded
crease of the nearby nebular continuum. An example follgwirtases withfesc > 0, quantities such as hydrogen recombina-
this procedure is shown by the green symbols in Fig. 17. tion line luminosities and the luminosity of the nebular ton
For Heu recombination lines: no simple correction is possidum longward of Ly can be rescaled to first order by scaling
ble. Synthesis models give an upper limit for the lumingsty with (1 — fes9, as already introduced in Eqg. 8. Such a scal-
upper limit for equivalent width up to logf(He")/Q(H)) ~ —1.2 ing is appropriate since the corresponding emissivitiesagr-
for the primordial metallicity case and overestimate it foe proximately constant across the nebula. However, since He
highestQ(He")/Q(H) cases (low density) due to the lack of acrecombination lines (if present) are emitted only in theeinn
counting for enhancedy2emission. most parts of the nebula, Heline luminosities will not be re-
duced in density bounded regions, as long the radius of the He
) ) ) S sphere remains smaller than that of density boundedédjion.
6. Discussion and implications These behaviours are also expected in non-spherical rIegsn
demonstrated e.g. by Johnson et al. (2009). In consequauite,
L(Lya) andW(Lya) will decrease with increasing Lyman con-
All our CLOUDY models have been computed for ionizatiotinuum escape (although the latter not proportionally vig),
bounded nebulae corresponding to no escape of Lyman con-

6.1. Dependence on model assumptions
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5000 T T 7 L T LI T 7 T ]
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4000 | D log(U)=—3 B suming “standard” stellar populations and IMFs. At metali
FLolog(W)=74 g ] ties below solar, the output of observable UV continuum-radi
=3 3000; B B E ation (i.e. typically at 1500 A res_tframe)_ per unit stellaass
= g B 1 increases somewhat, due to the increasing average temngerat
i) g B B 1 of the stars (cf. Fig. 4). A maximum iy 500 is typically reached
g 5000 E B E atZ/zo ~ 1/100. Below this, the average spectrum shifts more
= B B » 1 strongly into the Lyman continuum, leading to a decreaséatf s
g & v 1 lar radiation in the observable UV, which is, however, compe
1000 E = ad E sated by increasing nebular emission. The net resulttriitesd
FOHE / 1 in Fig. 4 for constant SFR, is that star-formation rates\eeri
i s 1 from the UV may need to be revised downward at low metal-
e licities with respect to the “standard” calibration of Kecunt
40 60 80 . “EEK] 1201401680 (1998), but typically by less than a factor 2.
bb

Fig. 17.Equivalent widths\\,) of Lya at 1240 A (first column, second 6.4. Ly«
row of Fig. 16). All the symbols as in Fig. 16. Additionallje green o .
symbols show the case B SED results (pink symbols) corragseny One of the main findings of our study is the enhancement of
our formula (first order correction; only the enhancementhia line Lya emission at low metallicities with respect to the commonly
flux is taken into account, there is no correction for the tantm). used case B value. This departure from case B occurs even at
The diference coming from not correcting for the nebular continuumoderaly low metallicity, say/Z, < 1/10, and becomes more
enhancement is visible for the hottest model. important for lowerZ. In consequence, higher intrinsickyine
luminosities relative to the UV continuum (lg,o, SFR, or to
another measure of the rate of massive star-formation)are e
pected and higher loy equivalent widths. Even higher values
of W(Lya) can be obtained in regions with a high ISM density,
where Lyr emission can further be “boosted” at the expense of
whereas the opposite will be true f@¥(He n 11640) and for the 2-photon nebular continuum (see Fig. 10).
other Hemn lines, where the underlying continuum is mostly of  with respect to our earlier predictions (cf. Schaerer 2003)
nebular origin. In other words, the decreaséMHe 1 11640) W(Lya) is increased by a factor 2—2.5 for Pop IlI objects, and
found in this paper due to competition with H ionizing phaton by more than 70% at moderately low metallici&/Z, < 1/20,
may be mitigated in objects with significant leakage of Lymag¥. Fig. 5), for a given IMF. This increase of kymay help to
continuum radiation, leading again to higher Heequivalent ynderstand objects with large dyequivalent widths found in
widths (cf. Schaerer 2002, 2003). For othéeets of “leaking”, some surveys, without the need for recourse to unusual IMFs o

i.e. star-forming galaxies with density boundedi regions, see to a clumpy ISM (cf. Malhotra & Rhoads 2002; Dawson et al.
the photoionization models of Inoue (2010). 2004; Finkelstein et al. 2008).

We shall now discuss some implications of our modeling for Finally, the enhanced lyemission found here should repre-
the interpretation of the hydrogen and helium emissiorslemed  Sent good news for searches for very disteanty galaxies, since

the nebular continuum observed in high redshift emissina li the intrinsic Lyr emission of metal-poor objects is shown to be
galaxies. considerably higher than previously thought, reachingoupO-

40% ofLy, in Pop Ill dominated objects. Of course, the intrinsic

Lya emission (and hence al¥d(Lya)) will be lower in objects,
6.2. Lyman continuum output having a non-zero escape of flux from the Lyman continuum.

Furthermore, several processes exist (e.g. dust absorptiat-

As metallicity decreases, the Lyman continuum output of tHering out of the line-of-sight in the ISM afat IGM), which
stellar population, both relative to the observed stellgrddn- Wil reduce the Lyr emission on the way from the source to the
tinuum longward of Ly and per unit stellar mass, increases. Thebserver.

amount of this increase depends obviously also on the ddtalil

shape of the IMF. For example, for a Sa_llpeter IMF with a Ung 5 He 1 emission

form upper mass cutfbof 100 M, the ionizing photon rate per

unit UV luminosity, Qn/L1so increases by a factor 3 approxi-The reduced Her emission found in this paper, compared to
mately between solar an zero metallicity. For the most exdére our earlier predictions assuming simple case B recomloinati
IMF considered here this increase is up to a factor 10 (see Figay indicate that ongoing searches for signatures of Pajlts

1). The dfect of this is to increase the line and nebular comsing this feature (see e.g. review by Schaerer 2008) caaild b
tinuum emission relative to any observable stellar continu more dificult than anticipated so far. The corresponding upper
In extreme cases (e.g., Raiter et al. 2010) the nebular Emisdimits of Pop Il star-formation rate density derived e.grh the
may completely dominate the Y¥sible/NIR spectrum. Also, if survey of Nagao et al. (2008) need then to be revised upwards.
low metallicity objects anfr different IMFs are relevant forthe  The detection of the He 11640 line indicates a significant
sources of cosmic reionization, their intrinsic Lyman @goatim number of high energy photons in the ionizing spectrum. This
flux, generally estimated from UV restframe observationsy mline has therefore been sought, but not detected so far hizhig
need to be revised accordingly. (Nagao 2008). Prescott et al. (2009) have detected thirtine
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a z=1.67 spatially extended nebula (ord.plob) but have not
been able to determine the nature of the ionizing source. e fi
that the line (and therefore the equivalent width) coulddietér
than expected previously, due to its dependence on thesitioiz
parameter. This suggests that deeper observations wid et
to detect it. Additionally, another fliculty comes from the fact
that for the hottest (the highe§(He")/Q(H)) ratio) stars the

strongest enhancement iy 2ontinuum is predicted which fur- —

ther decreases the measuw(lL640). However, if Pop Il stars
are present in objects with significant escape fractiondén t

Lyman continuum, the He 211640 equivalent width may again —

be stronger, due to the reduced nebular continuum (cf. 644t.

emission can be significantly enhanced at low nebular densi-
ties. Their strengths are found to scale with the mean photon
energy of the ionization source in the Lyman continuum.
The equivalent width of Ly can be larger than expected
from case B calculations due to the line flux enhancement.
The measurement can also beated by 2 emission if the
continuum is measured at longer wavelength.

Further enhancement of kyat the expense ofy2emission

can occur due to collisional mixing between the hydrogen
22S-2°P levels at higher densities.

Hen emission line fluxes (and consequently their equivalent
widths) can be significantly decreased due to their depen-
dence on the ionization parameter. This could make searches

for the Henr 11640 line at highe more dificult.

6.6. Nebular continuous emission — The enhancement of thez2ontinuum and its dependence on

The overall nebular continuum emission is dependent orrakve meters
nebular parameters and can result in a variety of spectaplesh ~ of the UV emission lines and also change the UV restframe
(Fig. 13 and 14). Note that our simulations have been carried colours of highz galaxies.
out in the absence of dust which would add another parameter
affecting the shape of the continuum.

Proper photoionization modeling shows the importance
the 2y continuum produced in a nebula ionized by very hot sta
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