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ABSTRACT

The very high rates of second generation star formationctieleand inferred in high
redshift objects should be accompanied by intense millieaefave emission from hot core
molecules. We calculate the molecular abundances likadyise in hot cores associated with
massive star formation at high redshift, using severakdiffit models of metallicity in the
early Universe. If the number of hot cores exceeds that irMitky Way Galaxy by a factor
of at least one thousand, then a wide range of molecules imrbigshift hot cores should have
detectable emission. It should be possible to distinguettveéen different models for the
production of metals and hence hot core molecules should&fiyprobes of star formation

at high redshift.
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1 INTRODUCTION

In recent years there has been much debate - both obsealatith
theoretical - about star formation in the early Universe. &am-
ple, strong evidence seems to point to a greatly enhanceébsta
mation rate earlier in the evolution of the Univerise (Cdl2001),
but see alsd_Bunker etlal. (2004)). Individual objects witbagly
enhanced star formation rates have also been detecteddaegoo
ample is the quasar at a redshift of 6.4 studied by Bertoldilet
(2003). They detect CO and, via the far-infrared emissioey te-

rive a star formation rate 000M o yr 1.

Simulations such as those carried out by Abel &1 al. (2002) an
Bromm et al. (1999) (see also_Bromm & Larson (2004) for a re-

view of recent work in this field) have investigated the natofrthe
first stars, which are expected to have formed at a redsteftéess
of 10. Such work indicates that these first stars were larggh, w

masses in excess of 10, . These massive stars must have a pro-
found influence on the environment around them; they may ée th

cause of the reionization of the Universe (Barkana & |Loebl200
and the metals produced by them may seed the interstellaumed
for later star formation. Hence second generation stansigfiorm
after the first from gas already enriched with metals.

If such large rates of star formation are present in the esmity
verse, they should be observable. Molecular signaturedgistiact
and powerful indicators of star-forming activity in our ogalaxy;
in this paper we seek to investigate their visibility anditytiin
systems at high redshift.

Specifically, we consider the possibility of observing oae-p
ticular stage of this star-formation; the 'hot core’ phagais is
a short lived episode in the evolution of a high-mass pratost-
though recent work (Bottinelli et fl. 2004) has shown thatfoass
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stars too pass through a similar phase). During the iniadapse
of the forming star, many molecular species which are ptesen
the gas phase 'freeze out’ onto the surface of dust grains.pro-
cess has a profound influence on the chemical evolution afafe
Firstly, potential reactants and coolants are removed ffergas
phase, and secondly the grain surfaces themselves prosde a
for enhanced further chemical evolution, producing monagiex
species than would otherwise be possible. Once the newhyefd
star has begun to radiate, heating the surrounding gas;ehsib-
limates and the newly formed (generally more complex) mdic
are returned to the gas phase. These newly released maleatile
diate strongly in the warm gas. This is the hot core phass;tftis
period in the protostar’s evolution with which we are comest in
this paper.

Despite much interest in star formation at high redshiré¢h
has been no detailed study of the possible contribution efmébal
models of the type used in studies of nearby star formingoregi
to observations. The question addressed here is: Will tHeqular
emission associated with 'hot cores’ be detectable innligtagh-
redshift) systems?

2 METHODOLOGY

2.1 Initial Abundances

In adapting extant chemical models to reflect the situattdmgh
redshift, the selection of initial abundances for atomiecigs is
crucial. In seeking to study the formation of a second geieraf
stars, we use models predicting the yield from the massistegin-
eration. These yields will critically depend on the masshef pro-
genitor; for example, it has been argued that zero-meitglstars
with a mass in the range 40-140 collapse directly to a black
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Species CLO2 UNO02 HWO02 Solar
C 1.0000 1.0000 1.0000 1.0000
) 3.212 8.3887 10.833 2.719
N 4.240(-7) 0.0023 1.1155(-5) 0.293
S 0.05375  0.2874 1.0895 0.172
Mg 0.1293 0.4373 0.8504 0.232

Table 1. Abundances relative to carbon, obtained from the super-
nova models of_Chieffi & Limongil(2002]. Umeda & Nomoto (2002)
Heger & Woosley|(2002). CLO2 assume a progenitor of\8g, whereas
UNO2 model a larger star with a mass of 150;. HW02 use a model
which produces a total yield of 80[;,. These abundances provide the ini-
tial conditions for the results presented in secfibn 3. Engdst difference

is the near-absence of nitrogen in the CL02 and HW02 modelar Sbun-
dances are from Grevesse & Sauval (1998).

hole with little mixing with the surrounding mediurn_(Hegerad
2003).

For this initial study we use three different models of the
yields from a zero-metallicity star. Chieffi & Limongi (20P¢here-
after CLO2) have performed calculations using the FRANE@eco
(Chieffi et al11998) to predict the results from a set of zeeiah
licity stars with initial masses between 15 and18Q,. They per-
form a detailed comparison between their models and the-'ave
age’ observation obtained by Norris et al. (2001) from five-lo
metallicity stars. We use the best fit model for a progenitiha
mass of 8QM as the starting point for our calculations. However,
it is obvious that the yield from such an event would be ddute
by mixing with the pristine surrounding gas, and so we adbpte
specific values of the carbon abundance as a fracfipof local

2.2 Chemical and Dynamical Model

We have used a chemical model, similar to that describedti&Vi
Williams (1999), to describe the chemical evolution of cets of
high mass star formation. The model is essentially a twoestady
culation: the first stage begins with a diffuse 800 cm ) medium

in purely atomic form (apart from a fraction of hydrogen inoo-
rated intoH:) and then undergoes a collapse under free-fall. The
dynamical and chemical equations are solved simultangaiust

ing this phase. We use the free-fall collapse law describé&thiwvl-
ings et al. (1992) in which the change in central gas numbesitle

n, as collapse proceeds from initial density to final densityn s

is given by

d 4 % 1 %

Rl ("—) (247erHng [(ﬁ) - 1]) 1)
dt no no

It can be seen from this equation that we do not attempt to
include the internal structure of the core in our calculaioDur-
ing this initial collapse phase the temperature is 10K. Gncati-
cal density (chosen to represent observed densities ofones)cis
reached the collapse stops, the temperature increasekozs@
the system is allowed to continue evolving chemically, @ligh the
dynamical evolution has stopped. For massive stars, thedse in
temperature due to the ignition of the protostar occurseexély
rapidly, justifying our choice of an instantaneous incesastem-
perature.

The chemical network we use is taken from the UMIST rate
99 databasé (Le Teuff, Millar & Markwick 2000), and we follow
the chemical evolution of 168 species involved in 1857 daasp
and grain reactions. During the first phase, all speciespixoe
drogen and helium freeze onto the grains and, where posbiple
drogenate. At the end of the first stage, approximately 98emer
of these species has frozen onto the grains (Casell let @)20

abundance (Sofia & Meyer 2001) and then matched the abundance?2.3 Dust Properties & Extinction

ratio X/C (for any atomic species X) to the model in CLO2.

We have also considered the models._of Umeda & Nomoto
(2002) (hereafter UNO2), who use a separate set of codesdelmo
progenitors of pair instability supernoveewith masses fidit to
270 M. In a supernova of this type, the creation and annihila-
tion of positron-electron pairs causes the core to be s@blesthat
gravitational collapse is halted. They are therefore paldirly in-
teresting in this context as they may produce no dense reimnan
scattering all of their material into the interstellar meui

Finally, we use abundances based on the models of
Heger & Woosleyl(2002) (hereafter HWO02) for a star with &89
helium core, corresponding to a total mass of IQQ The initial
abundances relative to carbon used for each of the threelsnode
are shown in tablEl1. Three different models were includearin
der to (a) investigate the sensitivity of our results to theice of
enrichment model and (b) investigate the possibility thérfe ob-
servations could distinguish between different models.

It should be noted that the nitrogen abundances consttiate t
largest differences between the models. The synthesisimBpr
nitrogen is not considered in detail by the current supearmoed-
els. For instance, HWO02 only evolve helium cores, therelgyant-
ing the (significant) production of nitrogen during the earktel-
lar phases. Furthermore, the nitrogen yields are highlgitea to
the poorly constrained mechanisms of rotation and corxesotier-
shoot. Nitrogen is mostly a secondary element as illustrayethe
high abundance ratio found in the Sun.

We have considered the effects of the differences in thelliceta
ity of infalling material between low and high redshift starma-
tion, and have also attempted to allow for the low abundarice o
dust available in the early Universe. The formation and wvah

of dust in the early Universe is extremely poorly understoie

do not know the chemical nature of dust, nor the dust graia siz
distribution and therefore we do not know the appropriatersiel-

lar extinction curve to use. It should be clear from the desion of

the hot core phase of protostellar evolution earlier thas¢hissues
may prove to be crucial. However, in the absence of data which
might allow us to make more informed decisions we have simply
assumed that the dust mass scales with metallicity andhbatize
distribution generates an interstellar extinction curiveilar to the
galactic results.

Another important factor could be the evolution of the casmi
microwave background (CMB). The evolution of the tempemtu
of the blackbody spectrum is given iy = T, (1 + z) and the
well-known Planck formula then gives the intensity for atjzaar
wavelength at a particular time.

The important wavelengths - those which would participate i
the dissociation of molecules - are in the ultraviolet. Eaen red-
shift of 10, the order of magnitude increase in CMB tempegatu
is accompanied by an insignificant increase in intensityhatée
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wavelengths. In addition, it should be noted that at z=6 ¢nepier-
ature of the CMB would be about 20K, and this may begin to affec
the freeze-out of species necessary for the formation etbw
chemistries we have discussed here. However, as long asitbe ¢
being considered remain optically thick then the effectuthde
minimal.

In local hot cores, the extinction is usually estimated to be
between a few hundred and a few thousand visual magnituedes (s
for example, van der Tak et al. 2000). The extinction of theeco
will obviously be reduced at higher redshifts due to the latthe
dusty component. If the accompanying drop in visual exigmct
is severe enough then, as the cloud becomes optically thatpp
dissociation will destroy the molecules associated wittoadore
chemistry. In the case already considered of dust at onesémaith
of its density in the Milky Way Galaxy, increasing the diasredf
the core by a factor of 10 (to 0.3pc) produces an extinctiotOab
15 magnitudes, which is equivalent to sufficient opticalttepve
have carried out our calculations for cores of this size.

The survival of the molecules is, nonetheless, uncertaomw-H
ever, the detection of CO at a redshift of 6.42 by Walter ¢2803)
provides evidence that molecules can survive in these epdghs.

It should also be noted that the change in the spectrum ofkhig C
will alter the excitation of molecular species (Redman g2@04).

3 RESULTS
3.1 SingleHot Core

The results of the initial runs, expressed as column dessitire
shown in table§l2 and 3. There are differences between the mod
els, regardless of the overall metallicity adopted. Inipatar, the
UNO02 150V models yield much higher predicted column densi-
ties for sulfur-bearing species such as BSCS andSO..

The effects of the changes to size and hergediscussed
above are clearly shown in talle 2. Although the generabitisn
for the column density to be reduced, the effect is small amd f
some species the reduction ih, when coupled with the increase
in size is an increase in column density.

Chieffi & Limongi have recently published new calcula-
tions for the yields of smaller stars with zero or low metafii
(Chieffi & Limongl 2004). We find that runs which use the yields
from a zero metallicity star of mass BD; produce column den-
sities approximately an order of magnitude larger thandhoe-
sented in tablEl2. A further enhancement is found if the giélom
a star with metallicityl0~* Z, are used as initial conditions.

3.2 Detectability of MultipleHot Cores

Will these molecular abundances generate detectablelsifyom
high redshift galaxies? In order to answer this questios litdces-
sary to estimate the number of hot cores in a system whichtmigh
be forming a second generation of stars for us to observe.
Lumsden et al. (2002) detect 3000 massive young stellar ob-
jects in the plane of our galaxy. Making a reasonable adjeistm
for the incompleteness of their survey we obtain a conseevas-
timate of ~ 10* hot cores in our own Milky Way, which has a
star formation rate of 1My yr~!.|Bertoldi et al. (2003) estimate
from far-infrared luminosity that QSOs of the type consé@tkhere

2 Those interested can obtain tables in the same format as2dbt these
runs a; http://www.star.ucl.ac.tc|l/CLO4tables.htrrl

Species SN,1/100 SN,1/500 SN,1/1000 *

co 6.5(15)  1.8(15) 1.1(15)  1.1(15)
H,CO 2.9(14)  9.3(13) 42(13)  4.4(13)
HoS 1.5(9) 2.3(9) 3.9(9) 4.1(9)
cs 1.2(15)  5.7(14) 3.1(14)  3.1(14)
H,CS 6.9(14)  1.1(14) 3.4(13)  3.7(13)
o) 7.9(14)  7.8(12) 2.7(12)  2.8(12)
SO 7.114)  21(12) 3.7(11)  4.3(11)
CH3OH  1.1(12)  3.1(10) 9.6(9) 9.4(9)
HC3N 2.5(12)  3.6(11) 1.111)  1.1(11)
CH3CN  3.1(9) 1.9(9) 1.2(9) 1.2(9)
HCN 7.6(10)  1.1(11) 3.9(11)  2.7(11)
HNC 2.9(10)  3.7(10) 1.3(11)  8.7(10)
HCO+ 5.1(9) 5.6(9) 1.7(10)  8.9(9)

Table 2. Calculated column densities (inn—2) for a variety of species;
first three columns have a carbon abundance set to 1/10@ &r&D1/1000
of solar, and the other species set so that their ratio withoramatches
that predicted by a model for a zero metallicity star whicéldgs 8

. (This model is from CL02). The results in the fourth colunhow the
effect of using a model with a carbon abundance of 1/1000 $oiawith

no change either to the diameter or to the extinction contprestandard
models appropriate to the Milky Way. We define 1.2(15) = 110%°

Species SN,1/100 SN,1/500  SN,1/1000

co 6.0(15)  3.5(15) 2.2(15)
H,CO 1.0(14)  3.2(13) 6.2(12)
HS 9.6(9) 5.4(9) 7.6(9)

cs 2.7(15)  1.9(15) 1.1(15)
H,CS 1.8(15)  5.4(14) 1.3(14)
SO 1.1(15)  4.0(12) 2.7(12)
SO 1.1(15)  6.7(11) 2.1(11)

CH3OH 13(12)  9.7(10) 2.4(10)
HC3N 4.4(12)  3.6(12) 2.5(12)
CHsCN  4.7(9) 4.3(10) 7.8(10)

HCN 1.4(12)  2.8(10) 2.5(12)
HNC 3.1(9) 8.1(9) 7.4(9)
HCO+ 1.7(9) 3.9(9) 5.4(9)

Table 3. As tablel2, except for yields from a 150 solar mass supernsva a

calculated by UN0O2

Species SN,1/100 SN,1/500 SN,1/1000

co 1.4(16)  3.3(15) 1.8(15)
H,CO 3.1(12)  5.4(11) 6.1(10)
HoS 7.6(11)  2.5(11) 1.6(11)
cs 3.3(15)  3.2(15) 2.1(15)
H,CS 4.1(15)  1.3(15) 3.1(14)
o) 1.4(16)  7.8(14) 2.2(14)
SO, 9.3(15)  1.3(14) 1.9(13)
CH3OH  4.7(12)  9.2(10) 2.4(10)
HC3N 5.0(7) 3.2(8) 2.6(9)
CH3CN  1.9(6) 2.9(7) 7.8(7)
HCN 1.4(10)  2.8(10) 2.5(10)
HNC 3.1(9) 8.1(9) 7.4(9)
HCO+  1.65(9) 3.9(9) 5.4(9)

Table 4. As tabld2, except for yields from models by HWO02.
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may have a star formation rate as high~as000Meyr—'. If the
number of hot cores is considered to be proportional to tleeadl
star formation rate, this might suggest that there coule-l®” to
~ 108 hot cores in such a system.

Is it realistic to expect this many hot cores at high redshift
Carilli et al. {(2002) report a detection of CO in a QSO at a hiftls
of z=4.69 using the Very Large Array. We calculate (see Apipen
A), considering beam dilution effects, that the signalregta from

1.4x107 hot cores at a redshift of z=4.69 would produce a signal

of the same strength as the Carilli et al. CO result. Thisrassu
that the observations were of transitions in molecules whiave
a column density at least equal to that of CO in the Carillilet a
source. It should be noted that this analysis makes no fiziton
of the CO detected by Carilli et al. as CO present in hot cores;
merely use the extant observations as a guide to what istdbtec
Alternatively, | Bertoldi et gl. [(2003) report detection ofoC
from a QSO at redshift of z=6.42. They do not identify extahde
emission at a resolution of 1.5 arcseconds. Repeating deulaa
tion at this redshift, assuming a source size of 1.5 arcgkxc(the
worst-case scenario) we find that one requixés10® hot cores to
provide the same signal level. Assuming a source size ofrfsga,
the size of the source considered by Carilli et al., we firtd x10”
hot cores to be sufficient.

molecule formation, increasing the chance of success. Oifweus-
ing yields from Chieffi & Limongi (2004) suggest that our pied
tion of significant column densities holds even if the firshee-
tion of stars are not as massive as Abel et al. predict. Nanldho
we be limited in choice of targets; Ly-break galaxies mayvpro
worth investigation, but more detailed models of chemicala-
ment (similar to that in Matteucci and Calura, 2005) are pded
make specific predictions.

In conclusion, we predict that observational searchesher t
multiple molecular species associated with the hot corgestd
high-mass star formation at high-redshift would be likadystic-
ceed, given the extant prediction of very high star fornmatates in
objects in this redshift range. We also demonstrate threhigtpre-
liminary work that the use of sophisticated chemical modelsd
be used in association with observations of this nature avige
constraints on models for the first stars. In the foresedaiblee,
facilities such as ALMA and the SKA will provide a huge incsea
in our capacity to carry out this kind of analysis, but our keinows
that important results could be obtained with existinglfaes.
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APPENDIX A : ESTIMATING THE NUMBER OF HOT
CORESREQUIRED

First, we must calculate the filling fraction of a single hotre;
assuming the hot core has a size of 0.03pc. At z=4.69, the-angu
lar diameter distance is 1.3361Gpc, and so this correspmnas
angular diameter of

On. = 2.25x107° arcsec

and therelore a filling fraction

f= gris— =5.96x10""

hc Beam

OBcam IS the beam size, which for the VLA in the Q band
(40-50 GHz) is 1"

Adjusting for the temperature of the hot core, we multiply by
a factor of T=300 K.

This is then set to be equal to the strength of the CO detected
by Carilli et al. Their source had an apparant radius of Oc3ew.
Hence, the number of hot cores, n, required for a detecticheat
CO strength is :

nTf = foo = gaySes

For this sourcer = 1.40x10”

Similar arguments can be used at higher redshifts. Walter et
al. (2003) present observations of a quasar at a redshif4af &nd
do not resolve the CO emission at a scale of 1.5 arcsec; hsirgg u
the Carilli et al. size of 0.3 arcsec gives

n = 1.01x10”

while using 1.5 arcsec gives

n = 2.5x10°
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