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Dust during the Reionization
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Abstract. The possibility that population 11l stars have reionized the Universe at redshifts greater than 6 has recently gained
momentum with WMAP polarization results. Here we analyse the role of early dust produced by these stars and ejected into
the intergalactic medium. We show that this dust, heated by the UV and visible background, produces a submillimetre excess
with an electromagnetic spectrum compatible with FIRAS cosmic far infrared background. This spectrum, a Doppler spectrum
times thev? dust emissivity law, is generic and does not depend on other detailed dust properties. Arcminute—scale anisotropies
could be detected by future experiments such as Planck HFI.
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1. Introduction

More accurate measurements of the cosmic microwave back- 100F=
ground (CMB) implies a need for a better understanding of
the diterent foregrounds. We study the impact of dust in the
very early universe x z < 15. WMAP data on the CMB po- 10+
larization, Kogut et al.(2003 provides a strong evidence for :
a rather large Thomson opacity during the reionization of the=™
Universe:te = 0.17 + 0.04 (68%). Although the mechanism

of producing such an opacity is not fully understo@#n, R. 1§ E
(2002 2003 has shown that early, massive population—Ill (Pop I |— Variable prod.

1) stars could ionize the Universe within& z < 15 (see fig- - |- Const. prod 8/z/n, ‘

ures1 and 2). Adopting this hypothesis, we discuss the role 0_]5 ‘ 1‘0 ‘ 1‘5 “ ‘ 0
and observability of the dust that is produced by the Pop llI z

stars. As we can only conjecture about the physical properties
and_ the abundance of this early dust, we adopt a simple dﬁ% 1. Total number of ionizing photons produced from Pop Ill
grain model with parametgrs Qed_LJced frpm the Milky Wa.y.S'gtars per baryon, cfQen, R.2002figure 14). The dotted line
uation. The du§t production is simply Ilnkeq to the I0NIZING. hresents a simplified model with a constant photon produc-
photon production by the stars through their thermal nucl n, 8 perz per baryon. The results are similar

reactions. The low potential well of the small pre-galactic halos ' '

allows the ejected dust to be widely spread in the intergalactic
medium. The ionizing and visible photons from the same P S+ Lyman ). Furthermore, since > 1 the universe is
Il stars heat this dust. There are no direct measurements of t 'gtter-dominated '

dust, but by means of other results the amount of dust caane '

estimated. A similar study has been done for a later epoch of We now proceed to compute the abundance qnd t_he tem-
the universe, in which data are more readily availaBlset al. perature of t.h|s dust. Consequences on the CMB distortions are
(1999. We use a cosmology with,; = Qm + Qa = 1, where then to be discussed.

Qm = Qp + Qpu = 0.022/1?, Q, = 0.0226/h? andh = 0.72 as

advocated by WMAPRSpergel et al(2003, using WMAP data 2 Dust Model

in combination with large scale structure observations (2dF-

Here we assume the dust properties to be similar to what is
observed in our galaxy. For simplicity, we suppose spherical
Send gfprint requests toErik Elfgren, e-mailelf@ludd.luth.se  dust grains with radiua = 0.1um and densitpy = 2.3 - 10°
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calculate the total photon energy released from the Pop Ill stars.
This can be done by supposing that each photon haffec e
tive energy ofE, = ¢, [~ dvhvB,(T.)/ [ dvB,(T.), where
hvion = 13.6 eV andBV(TfS is the spectru'rcﬁ of a star with tem-
peratureT ... The energy of the non-ionizing photons is included
throughc, = Uet/Uysy,, (U is the energy from the star). A Pop
Il star hasT,. ~ 80 000 K Shioya et al2002page 9) which
givesE, ~ 36 eV. Note that for other reasonable star temper-
atures E, does not vary significanthhg, lsoxa0ek = 36 €V and
E,liooack = 40 eV. Hence, the total Pop Il photon energy
production isdd—”ZV E, per baryon pee. For each consumed nu-
cleon, we assume that a nuclear energ§ o= 7 MeV is re-

5 ‘ 10 ‘ 15 ‘ 20 leased as radiation, which means that the nucleon consumption

rate isdd—”z’ E,/E: nucleons per baryon perlf fg is the fraction

of the consumed baryon mass that becomes interstellar dust,
Fig. 2. Production rate of ionizing photons from Pop Il starésome of the metal atoms will remain with the core, some will
per baryon,(:j—”zy. The odd form between each integeis not be released as gas) the co-moving dust production rate will be
physical but due to the discretization.

J, = fdedd—nZy E,/E:. (4)
kg/m3.The absorption cross sectian,, between photons and
dust can be written as A dust grain will eventually be destroyed, e.g. by colli-

sion, by supernova shockwaves or by cosmic rayssame
@) & Salpeter(1979 for further discussion. If a dust grain has a
where we parametrize the frequency dependency as lifetime of At we can write the dust destruction rate as
Qq4(2) dt Q4(2)

@ =A@~ 12 52 ®)
visible and ultra violet (UV), U dz AtHeQm (z+ 1)
wherey,, a, and Qo are normalization constants. There is onlgince the universe is matter dominated for 2 < 15.
one indpendent constant which means that we cam,fix Solving eq3 gives the dust density evolution
0.1um andv, = c¢/(40um). Above the characteristic frequency 7 Y(2)
v, the spectral indeg = 1, belowy, g = 2. The exact posi- Q4(2) =f Ji(Z)—=dZ, (6)
tion of v, is unimportant for our study because it is above the z M¢
interesting frequency region. wherez = 20 is the beginning of the dust formation (see figure
In the submm and far IR range, the spectral index is cofiy and

stant, and withQy = 0.0088 the assumed opacity agrees well
with measurements by FIRAS on cirrus clouds in our galaxy(z) _ exp(§ (z+ 1)—3/2)
cf. Boulanger et al(1996; Fixsen et al(1998; Lagache et al. 2 QM2AtH, |

(1999. In the visible and UV region, the cross section is inde- ) _
pendent of the frequency becaube: 2ra. In the submm re- We netje that the source terdn is modu_latgd by the destruction
gion, the cross section is proportional to the mass of the graf§™m % The dust density is plotted in figuBawhere we note

In order to evaluate the significance of the dust during tfeStrong dependency on the dust lifetime. In local dist-
reionization, we calculate the amount of dust present in the upfl0 Myr, Draine & Salpete(1979. However, the uncertainty
verse at a given time. The co-moving relative dust densityiisrather large, according ©raine (1990, At = 30 Myr - 10
Q4 = pa@/((L + 2°pc), Wherepqy(2) is the dust densityzis GY"» depending on the environment. Note, however, that the
the red-shift o = 3HZ is the critical density Kl and G are density at the reionization red-shifts is much lower than in the

, e 87G o interstellar medium in the Milky Way.

Hubble’s and Newton’s constants, respectively). It evolves as:
dQ
d—zd =J-J, (3) 3. Results and Discussion

oy = Qrd’,

Vi

Q, = { Qog(l)ﬁ submm and infra red (IR),
e

(7)

where J, and J_ are the production and the destruction ratg.1. Metallicity

respectively. _
The Pop Il stars produce enough photons for the reioniZAWe SUPpose that most of the metals were ejected as dust (not

tion while burningH and thus forming metald.{ and higher). as gas) the metallicity comes from the dust grains. The metal-

These metals are released in supernovae explosions at thel&fij IS directly obtained through the produced dust. By letting
of the stars short lives<( 1 Myr), whereafter they clump to- At = o (At =10 Gyr is good enough) we find the metallicity:
gether to form dustNozawa et al(2003. Knowing the pro- 7z = (At — )/

duction rate of ionizing photons to B (figure 2), we can z-_ o002 1147- Qy(At — ) 8
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Fig. 4. Opacityr with dust evolution taken into account.
Fig. 3. The co-moving relative dust density evolutiéty =
Pdust/ e, for fg = 1. The sink atz = 6 and 9 forAt < 0.1 S
Gyr is due to the fact thatz = 1 is not a constant time interval. The dust opacity is given by
dt
T, =C f dzd—zavend(z) 9
or in absolute term& ~ 229Q4. At z = 5 we haveQq = - Qo 3pc dz(l) N Qu(2)(z+ 1Y%=, (10)
2.5-107°fy, which givesZ ~ 5.7 - 10-4f4 = 0.029f4 Z,. VQma, Ho 4 g r

stars in our galaxy are one point of reference, absorption lings(1 ). The dust number density i%(2) = (1 + 2° x
in the _L)_/q spectrum from quasars are another one. The |°W%§hd(z)/mg wherem, = 4n_3?3pg is the grain mass. We note
metallicities found in stars in the Milky Way a#&'Z, ~ 0.01,

X (from 1 o< Qq) thatt is proportional to the parametéy.
Depagne et al(2002. The Lyx forest suggestsSpngaila & The resulting opacity can be seen in figdréVe note that

Cowie 2002figure 13) tha?/Z, ~ 0.003 forz ~ 4.5 assuming e gpacity is smally < 1. The smooth knee is due to the
that [FgH] ~ log(Z/Z) as suggested byvandenBerg et al. change o3 at the redshifted, see sectio, but this is not in

200Qpage 432). This is a factor 10 lower than our value {he gpectral range of the CMB. Thefldrential opacitylr/dzis
fa = 1. However, this might be lower than the actual valugystted in figures for 4 = 1 mm. We see that with a short dust
cf. (Pettini et al.1997figure 4). lifetime, the dust density fallstbalmost immediately (in terms

In heavy stars, virtually all the helium is consumed, produgf 7). However, for longer lifetimes, the early dust could still
ing metals. For simplicity (and lack of data), we assume that glly a certain role foz < 3. This could eventually contribute
the ejected metals clump to form dudt,~ feject This means to dimming of distant objects. We also note the impact of the

that fy will almost entirely depend on the dust ejection rate igxpansion of the universe in decreasing the dust density and

the supernova explosion. Iwamoto et al.(1999 a detected thus the opacity.
hypernova of mas$1 ~ 14M;, seems to havéeject 2 0.7.

Furthermore, according to a dust production modeNbgawa
et al. (2003, fy ~ 0.2 — 0.3. At the same time, some of the3-3- Dust Temperature

stars will become black holes, not ejecting any metdisger |n order to deduce the equilibrium temperature of the dust, we
& Woosley (2002, decreasingdfq. Currently this decrease isyyrite the balance between the absorbed CMB, the absorbed

largely unknown. starlight and the emitted IR light from the dust:
In summary, the mass fraction of the produced metals in the
Pop Il stars, having become interstellar dust, shouldpe Pd = P. + Pcus. (11)

0.1 - 0.3. In the following we use the more conservatiye=
0.1, in agreement with the ly forest measurements, unles
otherwise stated.

g’ he powerd?y andPc g can be written as

Py = 47Tf dve oy, B, (Tx), (12)
0

3.2. Dust Opacity whereB, is a Planck blackbody spectrum aXd= {CMB, d}.

n the wave-length range considered, the spectral igdex2.
guationll can now be solved for the dust temperature ana-
gcally in the submm range:

With our model for the dust density evolution, we want to ca
culate the opacity of the dust, as seen by the CMB. This w;
tell us how much the CMB spectrum is altered by the passal

through the dust. T3P = T8 + TS (13)
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Fig. 5. The diferential opacitydr/dzat1 = 1 mm for diferent Fig. 6. Energy density of ionizing photons compareditgqg =
dust lifetimes. MBTéMB/c, whereos is Stefan-Boltzmann’s constant.

where the fective temperature is defined by

P
THE = u 14
1t 4nCsor, (c/v)P2hc? (kg /ho)*+h (14) A+
and the constar€,; = (8 + 3)! Y, k“#A). This means that 107 3
Co ~ 6.494,C; ~ 24.89 andC, ~ 1221. 3 1
The absorbed power densify, from the radiation of Pop = 107¢ 3
Il stars peakes in the UV-region and can be approximated by, i 1

S .A30 o
P. = ouvl.(2C, @s) (010

whereoyy is the dust-photon cross section in the UV regionl_lv 10-4; ]
and the energy density is ~ E E

z d -5; ;
u.(2 = fescf dz'_nVEyﬁ, (16) 10 ¢ ‘ | ‘ | ‘ E
z dz "1+7 5 10 15 20
wherefggcis the escape fraction of photons from the star halos.
We neglect the loss of photons due to the reionization itself.
71% is the dfective energy of the photon emitted ztand Fig.7. The_dust tempe_zrature i_s plotted against the CMB tem-
then redshifted ta. According toCen, R.(2003, fesc = 0.3  perature with the relative quatitf{ — Tcme)/Tcme.

gives an electron opacity, ~ 0.13 which is within one stan-

da}rd deviation of the results by WMAP. Hereafter, we adopiom figurest and7, we see that the opacity is smalt, « 1)
this value offeso _ o and the dust temperature is only slightly higher than the CMB
The energy density of the ionizing photons are compar@ghnperatureTy > Tcme). This gives the following formula for

to the CMB in figure6. We note that the star energy densityhe excess intensity relative to the unperturbed CMB:
is much less than the CMB energy density at this epoch, and

that the curve resembles the accumulated photons in figuré\iv = iv = B/(Tcue)

MB

Hence, the dust temperature closely follows the CMB temper- _ | dB f"’ Ta(@ ~Tems@ - (18)
ature, see figuré and equatiori2. MBaT T=Tems JO Teme(2) e

whereTcug is the CMB temperature today. The integrant is
3.4. Observed Intensity plotted in figure7. We note that a new component is added

. , to the primary CMB spectrum. Equatid tells us that it has
Now we proceed to compute the average intensity (monOp%Iespecific spectrum which is the product of a Dopplect

term) of the submm and microwave background which is madge cirym (like primary anisotropies) and?power law. This

of the CMB and early dust emission. The simple radiativgre .t js mostly visible in the submm range and has a vanishing
transfer of the CMB through the uniform dust screen yielqs iribution in the radio domain.

the following observed intensity: In figure 8, the excess intensity is plotted along with the

. - R B,.(Ta(2) extragalactic background measured by FIRASiget et al.
h==¢ [BV(TCMB) +fo‘ € (1+23 dre |- a7 (1996; Fixsen et al(1998; Lagache et al(1999. Depending
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different (but similar) shape of the ionizing photon production,
figure 1, and found that the results do not vary significantly.

10 ¢ T L Very little is known about the universe during the reion-
ization epoch. Nevertheless, there are several parameters that
108 Y -- FIRAS 4 could be calculated more accurately.
S : \\\ At=10Gyr ] The two most important parameters in the present model
NY -9 W — At=1Gyr ] are the dust lifetimeAt and the mass fraction of the produced
e 10 \\ —At=01Gyr| 7 metals that are ejected as interstellar ddgt,The dust life-
E _10? AN 1 time could be determined more precisely by making 3D sim-
o 10 3 AN 3 ulations of the dust production in combination with structure
> r N ] formation. The simulations would also give the inhomogeneous
10'11§ 3 dust density evolution. The result would be a better estimate of
F ] the aforementioned secondary anisotropies caused by the vari-
10'16 1 - /—} B T ations in the dust opacity. A more refined dust grain model,

using e.g. a distribution of grain sizes would also be more real-
istic. If the dust is long-lived, it could also have a certain impact

_ ) ) ) on measurements in the optical and UV region. Finally, we note
Fig. 8. Comparison of the modeled intensity for the early dugtat most of the results are proportional to the dust density and

emission in excess of the CMB with thc_a observed FIRAS sp&iys to f+. To evaluatefy more precisely, we need a better un-
trum (dashed red curve) of the cosmic far IR background ggrstanding of the typical properties of the first generation of
detailed byLagache et al(1999. stars, see sectidhl, which is currently a much debated.

A [mm]

on the dust destruction rate (parametrized by the dust lifetifie Conclusions

At), the computed early dust background can be an importggg have shown that early dust €5z < 20) contributes in the
part of the observed background from 40 up to the MM g,;,mm and IR to the observed spectrum of the CMB.
waye-length. Most qf the far IR backgrognd can now pe X~ The dust is heated by the CMB as well as by superheavy
plained by a population af= 0 toz = 3 luminous IR galaxies, ponj|| stars. At the same time, the opacity is so low that the
Gispert et al(2000, the submm fraction of this background.,nipytion will not be detectable with current instruments.
could arise from larger redshift dust emission as suggesteddyy py the spectral nature can the dust be distinguished from
figure8. the primordial CMB anisotropies.

_ Inorderto check our results, we calculate the co-moving - Thjs early dust should show up as small-scale anisotropies
minosity density of the dust in the submm region and compagg, a specific submillimetre spectrum.

it with (Gispert et al200Qfigure 4). We find them compatible.
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