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FIRST GENERATION OF BOUND OBJECTSIN THE UNIVERSE�S. Stahniewiza and M. Kutsheraa;baH. Niewodniza«ski Institute of Nulear PhysisRadzikowskiego 152, 31-342 Kraków, PolandbInstitute of Physis, Jagellonian UniversityReymonta 4, 30-059 Kraków, Poland(Reeived Otober 27, 2000)We study the formation of �rst bound objets in the Universe afterreombination. We trae the evolution of a spherially symmetri densityperturbation in the 
 = 1 Cold Dark Matter (CDM) model with baryonand dark matter ontributions, respetively, 
b = 0:1 and 
dm = 0:9.Physial proesses in the ollapsing gas relevant to various stages of thenonlinear ollapse of low mass objets are onsidered. We �nd that the�rst density perturbations whih ollapse to form luminous objets havebaryon mass in the range 103�104M�. The �nal ollapse of these objets istriggered by the ooling due to H2 moleules and it starts early at redshiftsz � 20. The role of the initial baryon overdensity in the ollapse of densityperturbations in CDM model is studied.PACS numbers: 95.30.Lz, 95.35.+d, 98.35.Mp, 98.80.Bp1. IntrodutionCosmologial observations [1,2℄ strongly suggest that the �rst generationof luminous objets in the Universe ould form at high redshifts, possibly ashigh as z � 10�30 [3℄. These �rst baryoni objets usually are referred toas Population III stars. The formation of �rst Population III objets ended�dark ages� [4℄ in the evolution of the Universe. In most popular osmologialmodels with hierarhial struture formation, the �rst baryoni objets formfrom a few � (� 3�) density �utuations on small sales that ollapse �rst [5℄.To study the struture formation powerful 3-dimensional simulationstehniques are now available (e.g. [6℄). However, muh simpler 1-dimensionalalulations are su�ient to assess the role of gas dynamial proesses whih� This researh is partially supported by the Polish State Committee for Sienti�Researh (KBN), grant no. 2 P03B 112 17.(227)



228 S. Stahniewiz, M. Kutsherain�uene ruially the dynamis of ollapse of low-mass gas louds. In thisapproah the formation of the �rst osmologial bound objets was studiedreently by Haiman, Thoul and Loeb [5℄ who inluded in the hydrodynamialsimulations detailed thermal and non-equilibrium hemial evolution of theprimordial gas. They found that objets of mass lower than linear-theoryJeans mass an form at redshifts z > 10. A similar analysis was performedby Tegmark et al. [7℄ who onsidered the problem how small were the �rstosmologial objets.In this paper we onsider the evolution of a single spherially symmetridensity perturbation in the early Universe starting soon after reombinationuntil it �nally forms a bound stationary objet. As an underlying osmologywe hoose the 
 = 1 Cold Dark Matter model with 
b = 0:1 and 
dm = 0:9.Our aim here is to extend the analysis of Ref. [5℄ to study how some assump-tions onerning the initial perturbations made in Ref. [5℄ a�et onlusionsregarding the osmologial formation of low-mass objets. In partiular, westudy the sensitivity of the ollapse of �rst louds to the initial value of thebaryon matter overdensity for a given dark matter density perturbation andto di�erent forms of this perturbation.We start traing the initial expansion of the perturbation at high redshiftwhen its density ontrast is still small. We then follow deoupling of theperturbation from the Hubble �ow and its subsequent ollapse and formationof a virialized loud. We inlude gas dynamis and various ooling andheating proesses operating in the expanding and ollapsing loud. Thehemial evolution of the ollapsing primordial gas loud is also aountedfor.After the initial ollapse, a virialized gas loud is formed. The kinetienergy of the infalling gas is dissipated through shoks and the loud beomespressure supported. We study the further evolution of the loud whihis determined by its ability to ool su�iently fast. The most importantooling mehanism for louds of baryon mass in the range 103�104M� is theradiation of exited H2 moleules. The presene of a small amount of themoleular hydrogen H2 is ruial for triggering the �nal ollapse of low masslouds whih an form the �rst luminous objet in the Universe.2. Nonlinear evolution of a spherially symmetri densityperturbationA major approximation we use is the assumption of spherial symmetry.This assumption is best justi�ed in the ase of �rst objets formed in theUniverse whih are supposed to originate from the rare highest �utuationsin the primordial density �eld [8℄. It allows us to assess the role of gasdynamis in the ollapse of �rst low-mass louds.The spetrum of density �utuations has more power on small sales,



First Generation of Bound Objets in the Universe 229hene the �rst nonlinear strutures are expeted to our on relatively smallsales [9℄. As we are interested in small sales, muh lower than the hori-zon, we use Newtonian gravity and treat the expansion of the Universe as ahydrodynamial �ow. To desribe the evolution of a spherially symmetridensity perturbation in the nonlinear regime we use Lagrangian oordinates.We divide both baryoni and dark matter into onentri shells. The dy-namis of primordial matter is given by the equations below.The ontinuity equation for baryoni matter readsdMbdrb = 4�r2b%b ; (1)where rb is the radius of a sphere of mass Mb. The radial veloity of thesurfae of this sphere is drbdt = vb ; (2)and the aeleration satis�es the dynamial equationdvbdt = �4�r2b dpdMb � GM(rb)r2b ; (3)where M(rb) = Mb(rb) +Mdm(rb) is the total mass within radius rb.The energy onservation ondition for baryoni matter readsdudt = p%2b d%bdt + �%b ; (4)where u is the internal energy per unit mass, p is the pressure and %b is thebaryon density. The last term in the Eq. (4) desribes ooling/heating of thegas, with � being the energy absorption (emission) rate per unit volume.We use the equation of state of the ideal gasp = ( � 1)%bu ; (5)where  = 5=3, as the primordial baryoni matter after reombination isassumed to be omposed of monoatomi hydrogen and helium with a small(but very important) admixture of moleular hydrogen H2.Dynamis of dark matter is simpler, as we assume it to be ollisionless.The ontinuity equation is dMdmdrdm = 4�r2dm%dm ; (6)where rdm is the radius of dark matter sphere of mass Mdm. The radialveloity of this sphere is



230 S. Stahniewiz, M. Kutsheradrdmdt = vdm; (7)and the aeleration reads dvdmdt = �GM(rdm)r2dm : (8)To solve the above equations we must speify the ooling/heating fun-tion � and the the initial onditions.3. Initial onditionsLet us begin with the initial onditions. We start to follow the evolutionof the perturbation soon after the reombination at a su�iently high red-shift that the perturbation is still in the linear regime. We hoose the initialredshift to be zi = 500 as in [5℄. It orresponds to the time ti = 1:1� 106 yafter the singularity.We use two initial density pro�les: the perturbation used by Haiman,Thoul and Loeb [5℄, and the ommonly used Gaussian perturbation. Thedensity pro�les of baryoni and dark matter perturbations used by Haiman,Thoul and Loeb [5℄ are of the form%i(r) = 
i%�1 + Æi sinkrkr � ; (9)where i = b; dm and % is the ritial density of the Universe, % = 3H2=8�Gwith H being the atual value of the Hubble parameter. The quantities Æband Ædm measure, respetively, the baryon and dark matter density enhane-ment with respet to the mean densities �%b = 
b% and �%dm = 
dm%.For the pro�le (9) there exist two distinguished values of the radius, r0and rz whih orrespond, respetively, to the �rst zero and the �rst mini-mum of the funtion sin(kr)=kr. Inside the sphere of radius r0 = �=k whihontains mass M0, the loal density ontrast is positive. The mass M0 andthe radius r0 will be referred to as the loud mass and the loud radius,respetively. The loal density ontrast is negative for rz > r > r0, with theaverage density ontrast vanishing for the sphere of radius rz = 4:49341=kwith the mass Mz. Aording to the gravitational instability theory in theexpanding Universe, the shell of radius rz will expand together with the Hub-ble �ow not su�ering any additional deeleration. It an thus be regardedas the boundary of the perturbation and the mass Mz will be referred to asthe bound mass.



First Generation of Bound Objets in the Universe 231We have made also some alulations with the Gaussian form of theinitial overdensity: %i(r) = 
i% "1 + Æi exp �r22R2f !# ; (10)(e.g. [10℄), and we de�ne the mass of the loud M0 as the mass inside thesphere of radius 2Rf [11℄.As the initial veloity we use the Hubble veloity for baryon matter,vb(r) = Hr ; (11)whereas for dark matter the initial veloity is [5℄vdm(r) = Hr �1� 13hÆdmir� : (12)The expression in brakets indiates averaging over the sphere of radius r.The slower expansion of dark matter at zi = 500 results from the fat thatthe dark matter perturbations start to grow earlier than do the baryonmatter ones.Finally, the amplitudes of baryon and dark matter perturbations, Æband Ædm should be spei�ed. To do so one should use the power spetrumorresponding to the initial redshift zi = 500 that provides rms density�utuations at a given mass M0. For Cold Dark Matter model we use thespetrum due to Bardeen et al. [12℄. One should remember that the atualvalue of the rms density �utuation �(z;M0) depends on the shape of thewindow over whih the density is averaged. However, this dependene isquite weak. For example, �(zi; 100M�) is 0.110 and 0.115 for top-hat andGaussian windows, respetively [5℄. Corresponding values for M0 = 104M�are �(zi;M0) = 0:104 and �(zi;M0) = 0:100, for top-hat and Gaussianwindows, respetively [5℄.There is onsiderable unertainty in the initial value of the baryon densityenhanement as the baryon density perturbations start to grow only afterthe reombination. Below we treat the ratio of baryon to dark overdensityas a phenomenologial parameter that is not well known. In our alulationswe use a few values of Æb=Ædm in order to assess the sensitivity of the resultsto a partiular value of this parameter.The Hubble onstant value used in the alulations is H0 = 50 km/sMp.



232 S. Stahniewiz, M. Kutshera4. Baryoni matter omponents, hemial reationsand thermal e�etsTo speify the ooling/heating funtion � in Eq. (4) one should inludeall relevant thermal and hemial proesses in the primordial gas. There aremany papers disussing the most important ontributions to the funtion� (see e.g. [6℄). We have olleted for ompleteness useful formulae fromvarious soures in Appendix B.The primordial gas onsists of neutral atoms and moleules, ions andfree eletrons. In this paper we have taken into aount nine speies: H,H�, H+, He, He+, He++, H2, H+2 and e�. Some authors (e.g. Galli andPalla [14℄) inlude also deuterium and lithium.It is useful to introdue the mass fration yi for eah omponent iyi = �ini%b ; (13)where ni is the number density and �i is the moleular mass of the speies i.The abundane of various speies an, generally, hange with time as thehemial reations between speies our and the ionization and dissoiationphotoproesses take plae in the hot gas. The hemial reations inludesuh proesses as e.g. the ionization of hydrogen and helium by eletrons,the reombination of ions with eletrons, the formation of negative hydrogenions, the formation of H2 moleules, et. The full list of relevant hemialreations is given in the Appendix B. Photoproesses inlude ionization ofneutral hydrogen H and helium He and He+ by photons, and dissoiation ofnegative hydrogen ions H� and H2 moleules by photons.Time evolution of the number density of the omponent ni is desribedby the kineti equation:dnidt = 9Xl=1 9Xm=1 almiklmnlnm + 9Xj=1 bji�jnj : (14)At the right-hand side of the equation the �rst omponent desribes hemialreations and the other one desribes photoionization and photodissoiation.The oe�ients klm are reation rates, the quantities �n are photoionizationor photodissoiation rates and almi and bji are numbers equal to 0, �1 or�2 depending on the reation.All reation rates, photoionization and photodissoiation rates are givenin the Appendix B.The ooling (heating) funtion � inludes terms due to suh proesses asthe ollisional ionization of H, He and He+, the reombination to H, He andHe+, the ollisional exitation of H and He+, Bremsstrahlung, the Compton



First Generation of Bound Objets in the Universe 233ooling and the ooling due to H2 moleules. The formulae for the heat-ing/ooling ontributions of various proesses are given in the Appendix B.They were taken from [5, 13℄ and [14℄.The ooling funtion given in the Appendix B is a general one and anbe applied in a wide range of temperatures and densities enountered inosmologial objets. One should note that for low mass objets whih havevirial temperatures of the order of a few hundred K, only a limited number ofreations are important. Some authors attempt to selet only those reationswhih are relevant in this restrited temperature range. These are so-alledminimal models proposed by Tegmark et al. [7℄ and by Abell et al. [13℄.These approximations seem to be, however, too rude for our purpose. Inthe alulations reported here we deided to inlude most of the relevantreations and proesses.5. The role of moleular hydrogen H2One of neessary onditions for a virialized gas loud to ollapse is thepresene of an e�etive ooling mehanism. For high mass louds that havevirial temperatures of the order of 105 K or greater, the line emission is thee�ient ooling mehanism. Also other proesses listed in the Appendix Ban ontribute. However, the virial temperature of gas louds that havemasses of order of 103 M� is only a few hundred Kelvins. The only knownmehanism that may be e�etive in suh temperatures is so-alled H2 ool-ing, i.e. ooling by radiation of exited rotational and vibrational states ofH2 moleules.The primordial gas is thought to inlude a small admixture of H2moleules. The initial fration of H2 is very small, of the order of 10�6.The H2 moleules may be reated via two hannels, alled H� hannelH+ e� ! H� + h�H +H� ! H2 + e�and the H+2 hannel H+H+ ! H+2 + h�H+2 +H ! H2 +H+ :Both of these hannels an operate beause the reombination of osmiplasma is not omplete [17℄. There is some residual fration of unreom-bined eletrons and positive hydrogen ions left in the primordial gas afterreombination, at the level of 10�4 (at z � 100 [17℄). The H� hannel is



234 S. Stahniewiz, M. Kutsheranot very e�etive at redshifts z > 100 as the H� moleule is easily photodis-soiated by photons of CBR. At lower redshifts this hannel dominates theprodution of H2 moleules.The fration of moleular hydrogen H2 in gas louds whih ollapse be-omes higher than the initial value � 10�6. With inreasing density inthe ollapse regions the fration of moleular hydrogen inreases to about10�4�10�3 [17℄. 6. Numerial odeThe dynamial equations (1)�(8) are solved numerially. At eah time-step also the hemial omposition of the gas is updated by solving Eq. (14)and the appropriate value of the ooling funtion � is alulated. We basedour numerial ode on the ode desribed by Thoul and Weinberg [11℄, whihis the standard, seond-order aurate, Lagrangian �nite-di�erene sheme.We handle timesteps and entral boundary onditions in the way pro-posed by Thoul and Weinberg [11℄. For dark matter, to avoid the unphysialollapse to blak hole whih is an artefat of spherially symmetri alu-lations, we treat the enter as a hard sphere of some �small� radius r. Inorder not to a�et the results of alulations the value of r should be muhless than any other harateristi radius in the problem but it should notbe too small beause smaller r means worse energy onservation and longeromputation time. We have ompared alulations with a few di�erent val-ues of r and it seems to be a good idea to hoose r similar to the initialradius of the most innermost dark matter shell.In the ollapse of baryon matter one enounters the formation of shoks.In our ode shoks are treated with the arti�ial visosity tehnique [15℄.When writing the ode we have faed a problem how to deal with theboune of dark matter shells o� the hard sphere. Let us assume, that forthe step n the shell i has radius rndm;i and veloity vn�1=2dm;i (in this shemeveloities are taken in half-time between iterations).In ase there is no boune for the step n + 1 the veloity and radiusshould be vn+1=2dm;i = vn�1=2dm;i � Gmni(rndm;i)2 dtn (15)and rn+1dm;i = rndm;i + vn+1=2dm;i dtn+1=2 ; (16)where mni is the total mass (baryoni and dark) inside rni for n-th iteration.Now let us assume that the value rn+1dm;i turns out to be less than r. Naively,we should leave the same radius and simply hange the sign of veloityrn+1dm;i �! rn+1dm;i (17)



First Generation of Bound Objets in the Universe 235and vn+1=2dm;i �! �vn+1=2dm;i : (18)However, we must remember that veloities are taken in half-time betweeniterations and suh simple operation may lead (and leads) to inorret re-sults. Instead, we should take the �old� value of ri and reverse veloity:rn+1dm;i �! rndm;i = rn+1dm;i + (rndm;i � rn+1dm;i) (19)and vn+1=2dm;i �! �vn+1=2dm;i : (20)This proedure assures proper time iterations. Results obtained using thismethod will be labelled with �M�.Haiman [21℄ has suggested another solution:rn+1dm;i �! rn+1dm;i (21)and vn+1=2dm;i �! �vn+1=2dm;i + Gmni(rndm;i)2 dtn ; (22)whih gives the same ri but adds to vi some extra outward veloity. Thisshift is neessary beause radii and veloities are taken in slightly di�erenttimes, e.g. vn+1=2b;i is taken dt=2 later than rnb;i. Further urves showingsolutions obtained with this method will be labelled with �H�. Both methodsare equivalent and give the same results.The hoie of the timestep is of great pratial importane. For a givenshell one an de�ne the following time sales [11℄:� bdyn;i = s �2r3b;i8GMi ; (23)�ool;i = ����ui%i�i ���� ; (24)�Cour;i = ����� rb;i � rb;i�1p( � 1)ui ����� ; (25)and � bvel;i = ���� rb;i � rb;i�1vb;i � vb;i�1 ���� : (26)For baryoni matter we use as the timestep the minimum valuedtb = mini fd� bdyn;i; C�Cour;i; �ool;i; v� bvel;ig ; (27)



236 S. Stahniewiz, M. Kutsherawhere d, C ,  and v are some safety onstants. We have used the followingvalues: d = 0:02, C = 0:2,  = 0:1, v = 0:05 [11℄.For the dark omponent we use the timestepdtdm = mini fd�dmdyn;i; 4v�dmvel;ig ; (28)where �dmdyn;i = s�2r3dm;i8GMi ; (29)and �dmvel;i = ����rdm;i � 0:9rvdm;i ���� ; (30)where d and v are de�ned above and r is the radius of the hard sphere. Be-ause the alulations for the baryoni matter are relatively long, ifdtdm < dtb we were doing a few iterations for the dark matter during oneiteration for the baryoni matter.Beause the baryons were loked to the CBR until the epoh of reom-bination, it is neessary to hoose lower values of the initial overdensitiesfor baryons than for dark matter. The proper value of the baryon matteroverdensity is not well determined. Haiman, Thoul and Loeb [5℄ have ho-sen somewhat arbitrary value Æb;i = 0:1Ædm;i. To test the sensitivity of thealulations to this assumption we have made some alulations for di�er-ent values of Æb;i. We used higher value Æb;i = 0:2Ædm;i orresponding tosomewhat faster growth of baryoni �utuations after reombination. Wealso used Æb;i = 0 in order to see if dark matter perturbations an triggerollapse of gas louds whih are initially uniform.To hek our numerial ode we have hosen the initial parameters loseto parameters used by Haiman, Thoul and Loeb [5℄ who have made a detailedstudy of density peaks in the 
b = 0:1 and 
dm = 0:9 Universe with theHubble parameter H0 = 50 km=(sMp). We have found that the best wayto hek the numerial ode was to reprodue results of Haiman et al. forthe loud mass M0 = 1000M� and Ædm;i = 0:39. In this ase only themost innermost shells ollapse at z ' 10 and a tiny hange in onditionsould prevent them from ollapsing or make also outer shells to ollapse. Inother ases onsidered in [5℄ either there was no ollapse after virialization(M0 = 500M�; Ædm;i = 0:26 andM0 = 1000M�; Ædm;i = 0:26) or the ollapsewas quite fast (M0 = 5000M�; Ædm;i = 0:26).The osmologial observable is the redshift. To onvert time in ourevolutionary alulations into redshift we give the appropriate formula inAppendix A.



First Generation of Bound Objets in the Universe 2377. Results and onlusionsWe expet that as the dark matter dominates in the model the behaviourof dark matter shells will play the ruial role in the loud ollapse. Dueto our assumptions, dark matter is ollisionless, so there is no energy lossmehanism apart from possible gravitational energy exhange. The expetedevolution of the dark matter shells in the absene of baryoni matter is thattheir radii inrease to some maximal value, then the shells ollapse and aftersome osillations due to bounes o� the hard sphere the dark matter loudbeomes stationary. In the presene of baryoni matter the behaviour ofdark matter shells should be similar beause the amount of baryoni matteris muh less than the amount of dark matter.The expeted behaviour of baryon matter shells is that after reahingmaximum radii, the shells ollapse and the shok develops at some stagedue to pressure rowding of neighbouring shells [5℄. The shok stops theollapse and the baryon shells virialize. After virialization they an undergothe �nal ollapse.Results of our alulations are displayed in Figs. 1�11. In Fig. 1(a) andFig. 1(b) we show the evolution of dark matter shells and baryon mattershells for the loud mass M0 = 1000M� and M0 = 5000M�, respetively.The values of the dark matter density enhanement are, respetively Ædm;i =0:39 and Ædm;i = 0:26.
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238 S. Stahniewiz, M. KutsheraIn the following this form will be referred to as the sinusoidal perturbation.Most of the results displayed below orrespond to this form of the initialperturbation.Dark matter shells expand to some maximum radius and then ollapse toabout a half of this value. The radius of the hard sphere is r = 0:1r0. Thebehaviour of dark matter is very similar for both values of the loud mass.This means that the evolution of dark matter is not very sensitive to themass of the loud. In ontrast, the behaviour of baryon matter shells stronglydepends on the loud mass. In the ase of Fig. 1(a), orresponding to therun 7 in [5℄, baryoni shells expand to maximum radii then virialize, butonly the innermost shell undergoes the �nal ollapse at redshift z = 9. Forhigher loud mass, Fig. 1(b), many inner shells undergo the �nal ollapseafter virialization, starting at redshift z � 20. We see that higher masslouds start to ollapse at higher redshift than those of lower mass.Figs. 2(a) and 2(b) show the omparison of the two methods H and M ofthe orret implementation of the boune of the dark matter shells o� thehard sphere in the numerial alulations. The results for both methods areindistinguishable within numerial errors. This proves that both methodsare equivalent.
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First Generation of Bound Objets in the Universe 239Figs. 4(a) and 4(b) show the same, but for the Gaussian perturbation.
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First Generation of Bound Objets in the Universe 241In Fig. 7 we show the temperature of shells as a funtion of redshift. Theurves indiating temperatures of baryoni shells behave in an opposite waythan the radii of baryoni shells. The temperature falls during expansion andinreases in the ollapse phase. After virialization the temperature remainsrather onstant. Osillations in Fig. 7 are of purely numerial origin. Thereis only a tiny di�erene between the ases with and without H2 ooling.
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242 S. Stahniewiz, M. KutsheraIn Fig. 9 we ompare alulations with sinusoidal and Gaussian per-turbations. For the sinusoidal perturbation the inner shells ollapse fasterand outer ones ollapse slower than for the Gaussian perturbation. Thisbehaviour an be easily understood. For the Gaussian shape of the pertur-bation at the enter the density falls faster but the overdensity is alwayspositive while for the sinusoidal perturbation for r > r0 overdensity startsto be negative and for r = rz the mean overdensity is equal to zero. For theGaussian perturbation mean overdensity is always positive.
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244 S. Stahniewiz, M. KutsheraAppendix ARelations between H, t and zThe mass density % of the Universe has at least two omponents: %M , thematter ontribution, whih is proportional to (1 + z)3, and %r the radiationontribution, whih behaves as (1 + z)4. Usually in the matter-dominatedera the radiation omponent is negleted and vie versa but, however, thepresene of the radiation may a�et the results. In some models, also os-mologial onstant ontributes to %. The orresponding energy density %�does not hange with redshift.The exat formula for H(z) in osmologial models with matter, radia-tion and osmologial onstant readsH = H0p
M (z + 1)3 + 
r(z + 1)4 + 
� + (z + 1)2(1� 
M � 
r � 
�) ;(31)where 
i = �i=� with � being the atual ritial density of the Universe.Thus, the relation between time and redshift isH0t(z) = 1Zz (z + 1)�1dzp
M (z + 1)3+
r(z + 1)4+
� + (z + 1)2(1� 
M�
r�
�) ;(32)This formula, but without 
r, may be found e.g. in Peebles [17℄, Eq. (13.9).Equation (32) allows us to alulate the time sine the Big Bang t fromredshift z for osmologial models with given 
M and 
�. Unfortunately,analytial solutions may be found in some speial ases only � e.g. if 
r = 0and 
M + 
� = 1 (�at Universe without radiation). To perform numerialintegration we have used three funtions from Numerial reipes in C [18℄(midpnt and midinf, alled by funtion qromo). We have ompared resultsof numerial and analytial alulations for models with 
M + 
� = 1 and
� = 0, for values of 
M from 0.01 to 1. In the �rst ase, numerialvalues were systematially greater by the fator of 1.0000648. In the seondase this fator was a bit greater: 1.0000648 for 
M = 1:00, 1.0000701for 
M = 0:24, 1.0001048 for 
M = 0:03 and 1.0001564 for 
M = 0:01.Anyway, for 
M � 0:25 it was less than 1.00007 and we have deided thatthis auray is enough for our purposes. Let us stress that the e�ets ofnon-zero 
r are muh greater, espeially for low values of 
M .



First Generation of Bound Objets in the Universe 245Appendix BCooling funtions, reation rates and ross-setionsWe have adopted ontributions to the ooling funtion �, reation ratesand ross-setions from Cen [19℄, Haiman, Thoul and Loeb [5℄, Tegmarket al. [7℄, Galli and Palla [14℄ and Abel et al. [13℄. The ooling funtion �is in erg=s m3, reation rates are in m3/s and ross-setions in m2. T istemperature in Kelvins, thermal energy E = kT is in eV, Tn is temperaturein 10n K and Poly is polynomial funtion Poly(x; a0; a1; : : : an) = a0x0 +a1x1 + a2x2 + : : :+ anxn.Cooling and heating ontributionsAll oe�ients in erg/s m3, from Ref. [5℄.a) Collisional ionization of H, He and He+:�H(T ) = 1:27� 10�21T 1=2 �1 + T 1=25 ��1 exp��157809:1T �nenH; (33)�He(T ) = 9:38� 10�22T 1=2 �1 + T 1=25 ��1 exp��285335:4T �nenHe; (34)�He+(T ) = 4:95� 10�22T 1=2 �1 + T 1=25 ��1 exp��631515T �nenHe+ : (35)b) Reombination to H, He and He+:�H+(T ) = 8:70� 10�27T 1=2T�0:23 (1 + T 0:76 )�1nenH+ ; (36)�He+(T ) = 1:55� 10�26T 0:3647nenHe+ ; (37)�He++(T ) = 3:48� 10�26T 1=2T�0:23 (1 + T 0:76 )�1nenHe++ : (38)) Dieletri reombination to He:�He+(T )=1:24� 10�13T�1:5 exp��470000T ��1 + 0:3 exp��94000T ��nenHe+ :(39)d) Collisional exitation of H and He+:�H(T ) = 7:50� 10�19(1 + T 1=25 )�1 exp��118348T �nenH; (40)�He+(T ) = 5:54� 10�17T�0:397(1 + T 1=25 )�1 exp��473638T �nenHe+ :(41)



246 S. Stahniewiz, M. Kutsherae) Bremsstrahlung:g� = 1:10 + 0:34 exp(�(5:50� logT )2=3:0); (42)�Brem(T ) = 1:42� 10�27g�T 1=2ne(n+H + nHe+ + 4nHe++): (43)f) Compton ooling:�Comp(T ) = 1:017� 10�37T 4 (T � T)ne: (44)g) H2 ooling [7℄:The total hydrogen density is:n = nH + nH+ + nH� + 2(nH2 + nH+2 ): (45)The ooling rate in LTE:L(LTE) � 1n"�9:5� 10�22T 3:7631 + 0:12T 2:13 � exp ��0:13T3 �3!+3� 10�24 exp��0:51T3 �#: (46)The ritial hydrogen density is:nr � L(LTE)L(n!0)n; (47)where L(n!0) is the low-density limit of the ooling funtion, givenby [14℄:logL(n!0) � Poly(log T;�103:0; 97:59;�48:05; 10:80;�0:9032): (48)Now we an alulate the ooling funtion:�(T ) = L(LTE)1 + nr=n: (49)Radiative H2 ooling is thermodynamially impossible when T < T(T is the CBR temperature), so it is neessary to use the net oolingrate [7℄ �H2(T ) = �(T )� �(T): (50)It is worth to note that Haiman, Thoul and Loeb [5℄ have used some-what di�erent expression�H2(T ) = �(T )T � TT + T : (51)



First Generation of Bound Objets in the Universe 247Reation ratesAll oe�ients in m3/s.(1) H + e� ! H+ + 2e� [5℄k1 = 5:85� 10�11T 1=2(1 + T 1=25 )�1 exp��157809:1T � ;(2) He + e� ! He+ + 2e� [5℄k2 = 2:38� 10�11T 1=2(1 + T 1=25 )�1 exp��285335:4T � ;(3) He+ + e� ! He++ + 2e� [5℄k3 = 5:68� 10�12T 1=2(1 + T 1=25 )�1 exp��631515:0T � ;(4) H+ + e� ! H+ h� [5℄k4 = 8:40 � 10�11T�1=2T�0:23 (1 + T 0:76 )�1;(5) He+ + e� ! He + h� [19℄k5 = 1:50 � 10�10T�0:6335;(6) He++ + e� ! He+ + h� [5℄k6 = 3:36 � 10�10T�1=2T�0:23 (1 + T 0:76 );(7) H +H+ ! H+2 + h� [13℄k7 =8><>: exp[Poly(ln(E);�20:06913897; 0:22898; 3:5998377� 10�2;4:55512� 10�3;�3:10511544� 10�4; 1:0732940� 10�4;8:36671960� 10�6; 2:2380623� 10�7)℄ E > 0.1 eV1:428� 10�9 E � 0.1 eV ;(8) H+2 +H! H2 +H+ [5℄k8 = 6:40 � 10�10;



248 S. Stahniewiz, M. Kutshera(9) H + e� ! H� + h� [5℄k9 = 5:57 � 10�17T 1=2;(10) H +H� ! H2 + e� [5℄ k10 = 1:30 � 10�9;(11) H+2 + e� ! 2H [5℄k11 = 1:68� 10�8 � T300��0:29 ;(12) H+2 +H� ! H2 +H [5℄k12 = 5:00 � 10�6T�1=2 ;(13) H� +H+ ! 2H [5℄ k13 = 7:00 � 10�7T�1=2 ;(14) H2 + e� ! H+H� [5℄k14 = 2:70 � 10�8T�3=2 exp��43000T � ;(15) H2 +H! 3H [ [13℄k15 = 1:067 � 10�10T 2:012 exp ���4:463E � (1 + 0:2472E)3:52� ;(16) H2 +H+ ! H+2 +H [5℄k16 = 2:4 � 10�9 exp��21200T � ;



First Generation of Bound Objets in the Universe 249(17) H2 + e� ! 2H + e� [5℄k17 = 4:38 � 10�10 exp��102000T �T 0:35 ;(18) H� + e� ! H+ 2e� [5℄k18 = 4:00� 10�12T exp��8750T � ;(19) H� +H! 2H + e� [5℄k19 = 5:30 � 10�20 exp��8750T �T 2:17;(20) H� +H+ ! H+2 + e� [13℄k20 =� 2:291 � 10�10E�0:4 E � 1.719 eV8:4258 � 10�10E�10:4 exp(�1:301=E) E > 1.719 eV .Photoionization and photodissoiation ross-setionsFor eah reation there is a threshold frequeny �0. Cross-setions are in m2.(21) H + h� ! H+ + e� [20℄ ;(22) He+ + h� ! He++ + e�A0 = 6:30 � 10�18m2, " =p�=�0 � 1, h�0 = 13:6Z2eV, Z = 1 for Hand Z = 2 for He.�21;22 = A0Z2 � ��0�4 exp �4� 4artan "" �1� exp ��2�" � ;(23) He + h� ! He+ + e� [20℄�23 = 7:83 � 10�18 "1:66� ��0��2:05 � 0:66� ��0��3:05# m2;�0= = 1:983 � 105m�1 ;



250 S. Stahniewiz, M. Kutshera(24) H� + h� ! H + e� [13℄�24 = 7:928 � 105(� � �0)3=2��3m2; h�0 = 0:755 eV ;(25) H+2 + h� ! H +H+ [13℄�25 =8><>: 0 for h� < 15:42eV6:2� 10�18h� � 9:4� 10�17m2 for 15:42eV � h� < 16:50eV1:4� 10�18h� � 1:48� 10�17m2 for 16:50eV � h� < 17:7eV2:5� 10�14(h�)�2:71m2 for h� � 17:7eV ;(26) H2 + h� ! H+2 + e� [13℄log �26 = Poly(h�;�1:6547717 � 106; 1:8660333 � 105;�7:8986431 � 103; 148:73693;�1:0513032); h�0 = 2:65 eV ;(27) H2 + h� ! H�2 ! 2H [5℄, [13℄�27 = 3� 10�22m2 for 12:24eV � h� < 13:51eV(28) H2 + h� ! 2H [13℄�28 = 1y + 1 ��L028 + �W028 �+ yy + 1 ��L128 + �W128 � ;where�L028 = 10�18m2�(dex(15:1289� 1:05139h�) 14:675 eV < h� < 16:820 eVdex ��31:41+ 1:8042� 10�2(h�)3 � 4:2339�10�5(h�)5�16:820eV � h� < 17:6 eV;�W028 = 10�18m2�dex(13:5311� 0:9182618h�) 14:675 eV < h� < 17:7 eV;�L128 = 10�18m2��dex(12:0218406� 0:819429h�) 14:159 eV < h� < 15:302 eVdex(16:04644� 1:82438h�) 15:302 eV < h� < 17:2 eV;�W128 = 10�18m2�dex(12:87367� 0:85088597h�) 14:159 eV < h� < 17:2 eV;where y is the ortho-H2 to para-H2 ratio, y = 3 [7, 14℄.
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