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ABSTRACT 

Recently, J akobsen et. al. report ed that the Hell Gunn-Peterson optical depth is 

grcitl er IlJan 1. 7 at z = 3.3. " -hen we ('ollsidcr th is obseryation co mbined wit II Ihe HI 

Gunn- P et erson optical depths and t he il1tc ll ~i ty of th e t V backgTound at high redshift.s , 

we can put constraints Oli t llc spect rum of the l 'V backgrowld and the I1lilSS fr action 

of in tergalactic llledium. We find t hal tlu> sprc trum must be st ('('P (0,2: 3; J, ex: lJ 0) to 

be cO ll sislcu t with observat ions , ana th;~t the mass fr act ion of the intergalact ic me(liul1l 

trlll st he greater tha n 0.3 (0.1 ) ill t he case ex =3(4) for baryon d ensity consisteut with the 

3pr int ordialn ucleosynthesis. We a lso fi nd th at Hell fraction is as low as 10- ~ 10- 1 even 

for this stt<'P spect rum. 

SlLbjecl headings: C05mology - In tergalactic medium - UV bac kground :spect ra 
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1. Introduction 

Properties of intergalactic medium (lGM ) at high rcdshifts are an important ingred ient 

to understand the thermal hist ory of the universe, and thry Celli be probed only through 

absorption fE' atures in the spectra of high r<'dshift quasars . The GU IIIl-Pet.erson tes t (GP 

test) wh ich llses the Ly- Cl' absorption of atom ic hyd rogen, has indicated that hydrogen 

in the IGM has been ion ized at least since redshift z = 5. This means that the IG tI'I is 

reionized after the s tandard recombination epoch z ~ 1000. There are two mechan isms to 

ioni~e hydrogen : collisional ionizat ion and photo-ioniza tion. Rcru.use Cosm ic Microwave 

Background (CMB ) spectrum is very accurately given by a black bod~ c; pect rum (Mather 

et al. 1994), the t emperature of IGlvl is not high and photo-lOfli C<H ion is a promising 

mech anisnl to rcionize t.he IGM. Then, to reionize the IG:I}! h·: a photo-ionization mech

anis lJl , one lI eeds strong UV bi.Lckground radiation at high redshifts. The exis tence of 

st rong UV background radiation is also supported by the proxilJli I} effect of Ly ex cloud 

distribution (8ajtlik et al . 1988), but the UV sp ectrum is not strongly constrained up to 

now . This is due to the fact t.hat we have obt ained only the HI GP opt ical depths and 

hence the UV in tensi ty at the hydrogen Ly man edge. However , when we get the Hell GP 

optical depth , \\If' can obtain informa tion about its spectral shape as well as its intensity 

from the HI a nd Hell GP optical depths. 

Recently, .Takobseu et al. (1994) reported that the Hell GP optical dept.h is greatf';' 

tlliW 1.7 at z = 3.3; This value is larger than that was predicted in previous work (e. g. 

Sasaki and T akaha ra 1994 ) Thus, usinf( observations of the Hell GP optical dep th a nri of 

HI GP optical dept h, we can put constraints on the spectrum of UV background radiation. 

Furthermore, s ince the ionization fract ion also depends on the number density of IGM, 

we expect t hat we can limit t he IGM m a...qs fract ion . 

In this Let ter , we calcu late the IGM thermal history with UV background radiation, 

and estim ate the GP optical depths of HI , HeI and Hell. From these results, we put 

const raints on the spectrum of UV background radiation and the IG M mass fraction. 
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2. Model and observational constraints 

In this Letter, for simplicity, we assume that the flux of the background radiation is 

represented by 

- 21 V 1 + Z {3 2 2Jv( Z) = 1-21 X 10- (-fQ(--) ergs cm- sec- Hz-1sr- 1 (z 'S z, ), (1) 
VT 4 

where VT is the frequency at the hydrogen Lyman edge. Here, westudy the case ex = 1 ~ 4 

and /3 = 0 ~ 4. Using the proximity effect , the intensity of background radiation is 

estimated as J".,. = 1O-2l±0.5ergs cm-2sec-2Hz- 1sr- 1 at Z = 1.7 ~ 3.8 (Bajtlik et a!. 

1988). Thus, we consider a range of L21 = 1/3 ~ 3. With this background radiation, 

we calculate the thermal properties of IGM (ionization fractions of hydrogen and helium 

and gas temperature; for detailed formulation, see Sasaki and Takahara, 1994). We study 

the 0 0 = 1 flat universe, where 00 is the density parameter, with the Hubble constant 

Ho = 50km sec- 1Mpc l We adopt the baryon density parameter Ob = 0.05 and helium 

mass fraction Y = 0.25 (nH : nHe ~ 0.08) to be consistent with the standard primordial 

nucleosynthesis (Walker et al. 1991). We consider only the case Zj = 10. Furthermore , we 

assume that the mass fraction of IGM, hCM, is constant between z = Zj and the present 

epoch. 

As the observational constraints, we adopt the following observations. (1) The HI GP 

optical depths rep,HI 'S 0.18,0.12 and 0.35 at Z = 2.6,3.0 and 4.2, respectively (Jenkins 

and Ostriker 1991). (2) The HeI GP optical depth rep,Hel 'S 0.21 at z = 1.7 (Tripp et a!. 

1990), and (3 ) the Hen GP optical depth rep,Hell 2: 1.7 at z = 33 (.Jakobsen et al. 1994). 

It is to be noted that the HI and HeI GP optical depths are upper limits, while the Hell 

GP optical depth is a lower limit. Thus, we expect that these observations should limit the 

parameters to some range. Furthermore, we consider the soft X-ray background radiation 

at the present epoch Jv ~ 1.3 x 1O-25ergs cm-2sec2Hz- 1sr- 1 at 1 keV (Hasinger 1992) as 

an other constraint. We regard this observed value as an upper limit since the observed 
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value may contain contributions from other sources which shine only in the X-ray band. 

If the assumed spectrum is flat., the soft X-ray background becomes a strong constraint. 

3 . Results 

IlJ Fig.l, we show the time evolution of the HI and Hen GP optical depths for several 

choices of parameters. When we consider only the HI GP optical depths, these cases a.re 

not discriminated to each other. For example, in Fig.l , we cannot distinguish between 

the case (a,/3,J-21 ) = (1,0,1) and (3,0,2), because these two cases have almost the 

same ratio of the HI photo-ionization coefficient to the recombination coefficient, which 

results in almost. the same ionization fraction of hydrogen. On the other hand, these two 

cases predict ditfe[(~nt values for the Hell GP optical depth since Hell photo-ionization 

coefficient becomes different by a factor of ~ 16 due to a difference of spectral shape. Thus, 

when we take account of both the HI and Hen GP optical depths, we can distinguish cases 

which cannot be distinguished based only on the HI GP optical depths. 

The time evolution of the GP optical depths depends on the evolution of the UV 

background radiation, that is on /3. However, since we treat a relatively small redshift 

range (z = 2.6 ~ 4.2 for the HI and Hell GP optical depths), the difference due to /3 is 

not so critical compared to other parameters. Thus, we neglect the difference of /3 in the 

following discussion. 

Then, we find that a must be three or more in order that predictions are consistent 

with all observations mentioned above. This was pointed out by Jacobsen et al.(1994), 

too. If a is le&<; than 3, strong UV background radiation which ionizes the hydrogen 

in the IGM, while satisfying the observations of the HI GP optical depths, ionizes Hell 

too much, and the Hell GP optical depth becomes too small to be consistent with the 

observation. This has an important implicat.ion for the sources of the UV background. 

The ionization fraction depends on the mass fraction of IGM , heM, as well as the 

intensity of the UV background radiation L 21 . For fixed value of the intensity L 21 , 
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when fl CM increases , both the number density of hydro!,;cIl and the neutral frael ion of 

hydrogen increase, so t.h e HI cr optical dept h aL<;o increases . At some critical value, it 

becomes to be inconsist ent with the obs(; rved upper limit . 0 11 tl ,(> other hand, when h G"/ 

decreases, both the number ci(, llsity of helium and the Hell fract ioll decrease. T hus , t.he 

He'll GP optical depth ab o d(;c rca.<;('5, ami at. sOTlle critical \·,d ue it becoll1es too small to 

be cons ist ent with the observed lower limit of the Hell GP opt.ical depth. Thus, when 

we fix the intensity 1-21 , we obtain an allowed region of flcM fro m thp HI and He II GP 

optica.l depths. For example, in t.he case Cl' =3 and L 21 = 1, the allowed range of h CM 

t.urns out 1.0 be ~ 0.5 - 0.8. COlls idering the lower lim it on the intensir,y obtai ned by the 

proxim ity ('[cd (L21 2: 1/3), we ge t fl CM 2 0.3. If we adopt 0' =4 illst ead of Q = 3 for 

fixed ] - 21 and f1 GM , ionization effic iency of Hel and HeI! dccrE'ascs and an allowed region 

shift.s to a region of a larger 1.-21 and a smaller !JCM compared with the case Cl' = 3. In 

particu lar , it is more difficnlt to ionize lI ell than to do HI and HeI , t hus the limit of the 

Hell GP opt ical depth is relaxed . In the case 0 = 4, we get tb e limit itCM 20. 1 IIlld er 

the co ndit ion L212: 1/ 3 In contrast, if 1-21 = 3 (I3echtold , 199.J), f lGM ~ 10(0.G - 1.0) 

in the case (k = 3(4). This conclnsion is in cont rast to the snggcstioll by J acobscn ct al . 

that 1t1GH is likely to be less than 10-3. 

It is to be noted that a lmost helium is HelII and t be fraclioll of Hell is ~ 10- 3 _ 10- 1 

in the allowed regiOIl, even for a UV spectrn m as steep as (1 =3 ~ 4. T his is in contras t 

to the suggest ion by J acobsen ct. al. that HeIT may be t.he domi na nt popula tion. 

We find th ,tt a ll cases which sa tis fy the observat ions of the HI and Hell GP optical 

dep ths , are consis t.en t with the obser\'il tions of the soft X-ray rad iation And the Hel GP 

optical depth. We su mmarize t ile results of the present an alysis in Fig. 2. 

4. Discussio n a n d Conclusions 

F irs t, we check th e z, dependf'nr.c. W hen Z j dccrca~cs, the fraction of HI and Hell 

decreases due to a long recombination time, except for " short epoch ileaf Z j whr n Hell 
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is the dominant ionization state . For z;s 4.2, the difference due to z, is within a factor of 

a few if Z j 2 5. Althou gh an allowed region in Fig2 sh irts t.o a smaller L21 and a lrr:,"f'r 

itGM , both the limit on a an d the lower limit of the fraction of IC ; i\ 1 may not change ':(:." 

mu ch. 

In t.he ab ove d iscussions, we have considered only the Ito = 1 flat univcrse. W hell 

we adopt t be baryon density parameter to be consistent. with the standard primor

dial nucleosynthesis, the difference due to cosmological model enters only the dcllni

tion of the GP optical depth. Consider the flat universe with cosmologi cal COllst ant 

with Ito = 0.1 and Hu = 100 km sec- IMpel instead of the Ito = 1 flat universe with 

lHo = 50 km see tMpc- . To obt.ain the same GP optical depth , we need a smaller iOniza

tion fraction . Thus, an allowed region in Fig.2 shifts towa rds a larger 1-21and a smaller 

heM. However , a diffe rence due to a cosmological model is small , within a factor of 2, 

and it does not change the above results qualitatively. 

We find that t he UV background radi ation must be steep; Cl' 2 3 to be consisten t. with 

the observat.ions. If we consider absorption due to Ly Cl' clouds and ot hers, the spectrum 

of backgroun d rac ;iat ion will become flatter than the source spectrum , which means that 

sources must have a steeper spect rum with a 2 3. Ho,,:cvcr, the l '. . spec trum of qua::,ars 

which are a popular candidate of the source of UV background radiation, is ~ V -I . T hus, 

quasars are not a dominant componen t of source of t.he UV bad-ground radiat ion . \Ve 

need ot her UV sources which have a Sl eep spcdrum. 

Young galaxies are also a candidate of th e sourc(; of the 1.:\. background radiation. If 

we approximate the spectrum comes from young galaxies by a single temperature black 

body spectrum , for the no = 1 flat universe with Ho = 50 km see lM pe , f F ... f = 

1.0, alJ d L21 = 1, ' ·. ·c hnd th, ,[ ti. IC temperat.ure of black body tll ust be ~ 6 x 104 

K. This t eBl[,(,rat ure is a litt lp. higher than the effect ive surface t emperat ure of 05 ~; J.r . 

However, this model has some difficulty in explaining the existence of highly ion j.:~d loletal 

absorption lines (Steidel and Sargent , 1989). 
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One caveat is that the observed Hell absorption trou':.lt is due to superposed HeII 

line absorption in Ly 0: clou ds, which was exalllined bv J~cnhsclI rt "I. Although t llCY 

concluded it is unlikely. th is possibility is wort ll a furt her s l l[(h ' since the ion ization state 

in and column density d ist.ri bution of Ly 0: clouds is n OI known so accurat ('ly. 

In summary, we study the thNmal history of IC :-- I \\'ith a pow!'r law UV background 

radiation. We find that the spectrum of the UV background radiation must. be steep 

(0: ~ 3) to be consistent with tllf' observat ions Using the' lJ V ilite n~i t y est imat.ed by 

the proximity effect , flC M is limited as flGM ~ 0 3( O.1 } fo r (} = 3(4) for baryon density 

consistent with the primordial nucleosyn t. hesis We a.lso fin d tha t. Hell fraction is as low 

as 10-3 ~ 10- 1 even for this steep spectrum. 
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Figure Captions 

Figure 1 GP optical depths plotted against z for (a) HI and (t) Hell. The solid, dotted 

and dashed lines represent (Ct, ]-21) = (1,1), (3, I) and (3,2), respect ively. The arrows 

represent the limit due to GP test . Here , we fix ilcAi = 1.0. 

Figure 2 Allowed region in the (J.21, hCM) plane The upper boundary comes from 

the HI GP test and the lower boundary comes from the Hell GP test . 
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