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The Þrst miniquasar
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ABSTRACT
We investigate the environmental impact of the Þrst active galactic nuclei that may have
formed � 150 Myr after the big bang in low-mass� 106 M� minihaloes. UsingENZOpreventing gas contraction and H

2 formation: we show, instead, that molecular cooling can
affect the dynamics of baryonic material before it has fallen into the potential well of dark
matter haloes and virialized. Overall, the radiative feedback from X-rays enhances gas cooling
in lower-� peaks that are far away from the initial site of star formation, thus decreasing the
clustering bias of the early pregalactic population, but does not appear to dramatically reverse
or promote the collapse of pregalactic clouds as a whole.
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1 INTRODUCTION

250 M� are expected to
disappear as pair-instability supernovae (Bond, Arnett & Carr 1984)
and leave no compact remnants. Stars with 40� m

� � 150 M� and
m� � 250 M� are predicted instead to collapse to BHs with masses
comparable to those of their progenitors (Fryer, Woosley & Heger
2001). Barring any Þne tuning of the initial mass function of Pop-
ulation III stars, intermediate-mass BHs Ð with masses above the
5Ð20 M� range of known Ôstellar-massÕ holes Ð may then be the
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Figure 10. Variation in halo gas mass between the PL and NoBH simulations as a function of halo total mass (as measured in the NoBH run) at two different
epochs. Symbols show log [Mi(PL)/ Mi(NoBH)], with i = g, c, cd for total gas, cold gas and cold+ dense gas mass. Filled symbols represent haloes within 75
comoving kpc of the miniquasars, empty symbols the others. Haloes with|� log M c,cd| > 2 are shown as arrows at the top and bottom of the plot.

formation, as miniquasars are much more efÞcient sources of radi-
ation than their stellar-progenitors (Madau et al. 2004). As already
mentioned in Section 2, our MCD run includes in addition to the
X-rays an LW H2-dissociating ßux with an intensity determined by
the RaleighÐJeans tail of the multicolour disc,I LW (z = 21) =
10Š21 erg cmŠ2 sŠ1 HzŠ1 srŠ1 at a comoving distance of 7.2 kpc,
which is 10 (3) times lower than the 0.2 keV (1 keV) X-ray ßux
(cf. Machacek et al. 2003). We Þnd the results of the MCD simula-
tion to be very similar to those of the PL run, and it is the latter that
we analyse in detail below.

Fig. 10 depicts the change in halo gas content between the PL
and NoBH simulations as a function of halo mass at two different
epochs,z= 17.5 (when the miniquasar stops shining) andz= 15.5:
haloes in the two simulations have been matched by location and
DM mass. Different symbols represent total, cold and cold+ dense
gas mass both for haloes closer than 75 comoving kpc from the ra-
diation source and for those farther away. X-ray heating lowers the
total gas mass in nearly all virialized DM clumps, both by photoe-
vaporating baryons that were already incorporated into haloes and
by suppressing baryonic infall into newly forming structures. This
decrease in gas mass is more apparent belowM halo � 106 M� , and
it is the strongest in pregalactic clouds close to the miniquasars that
have been exposed to the highest level of X-ray ßux. Only a small
fraction of the gas accreted by haloes in the NoBH run is retained
by the host gravitational potential in the PL run. One of the potential
wells that experiences the largest decrease in gas content is fairly
massive,M halo = 106 M� , is located only 12 kpc (comoving) away
from the miniquasar and has a total gas fraction of 0.7 per cent, more
than 20 times lower than in the NoBH simulation.

Population III stars, however, can only form from gas that is able
to cool and condense. Fig. 11 shows the mass-weighted mean H2

fraction inside haloes in the PL simulation atz = 17.5 (cf. right-
hand panel of Fig. 3). Overall,� xH2
 increases by slightly more than
one order of magnitude, independently ofTvir . Compared with the
NoBH case, haloes withf cd > 0.1 can be found at slightly lower
Tvir . None of the haloes withT vir < 800 K has any cold+ dense gas,
even though their molecular fraction is quite high,� xH2
 � 10Š3.

Figure 11. Same as Fig. 3 (right-hand panel), but for the PL simulation.
The dotted line is theT1.5 line from the NoBH case.

These haloes are the least massive haloes in our simulation and
were formed only after the miniquasar began to shine. Continuous
X-ray heating has prevented the gas from cooling and falling into the
halo. As a consequence, their mean gas mass fraction (M gas/ M tot)
is only 0.08 and their mean central temperature exceeds their virial
temperature by a factor of 3. Haloes with largerTvir , in contrast,
formed earlier and their gas has contracted to densities, where H2

cooling is able to overcome X-ray heating.
Evidence for X-ray enhanced cooling is seen in many haloes

above 2× 105 M� . The largest relative increase in the amount of
cold material occurs in the mass range 2× 105 < M halo < 106 M� ,
where the boosting effect can exceed 1Ð2 orders of magnitude. In this
sense, X-ray preheating appears to somewhat decrease the threshold
mass required for efÞcient gas cooling and star formation, albeit not
by a large factor. In more massive peaks, most baryons are already
cold in the absence of X-rays (see Fig. 3), and positive feedback can
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