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REIONIZATION
Sources? Spatial – temporal evolution ?
The mostly accepted agents are UV photons
from stars in high redshift galaxies.

Escape fraction?
Unseen population?

(e.g. Robertson+ 2010)

+ AGNs ?
(e.g. Hopkins+2007, Madau & Haardt 2015,
Giallongo+2015)

Population size at high redshift?
Relative contribution?

+ X rays from XRBs? (e.g. Madau & Fragos 2017, Mirabel+2011, Furlanetto 2006)
 Large ionizing power
 Large mean free path (in the IGM)

+ cosmic rays from SNe?

(e.g. Leite+2017)

+ dark matter annhilation/decay?
Etc.

(e.g. Evoli+2012)
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+ CR from Microquasars?
A subset of XRBs, known as microquasars (MQs, Mirabel &
exhibit powerful relativistic jets.

Rodríguez 1998),

The radio lobes observed in some MQs constitute strong evidence of the
presence of at least accelerated electrons in the jet/ISM interface.

Cosmic rays (CRs) injected by the jets of
MQs into the ISM may have contributed to
Reionization in a non-negligible way.

Credit: Mirabel & Rodríguez 1998
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The contribution of MQs may be enhanced in the early Universe due to
metallicity effects.
 XRBs more numerous in low-metallicity environments
(e.g. Dray 2006, Mapelli+2010, Kaaret+2011, Brorby+2014,2016)

For example, Douna et al. (2015)
Observational sample compilation of
nearby galaxies + Monte Carlo
modelling

¡ 10 times more HMXBs per
unit SFR at low metallicity!
Coincidence with previous results

 XRBs possibly more luminous in low-metallicity environments
Douna et al., 2015, A&A, 579, A44

arXiv:1505.05483

4

OUR GOAL:

Explore the ionization and heating that electrons accelerated by
MQs produce in the primordial IGM.

Monte Carlo simulations of the propagation and (spatial) energy
deposition of electrons through the IGM

Ionization peak: decens eV
Maximum energy of the electrons in MQs: TeVs?
Excitations of IGM/ISM neutral atoms
Ionizations of IGM/ISM neutral atoms
Scattering with free electrons in the IGM/ISM
Bremsstrahlung (atoms and ions in the IGM/ISM)
Inverse Compton with CMB photons
Douna et al., 2017, accepted in MNRAS

¡¡Need to follow 12 orders of
magnitude in energy!!
Two regimes

High energy
Low energy

Two simulations
Threshold: Ek = 10 keV
arXiv:1711.07374
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The model galaxy (with radius Rg) hosts one MQ source (consistent with what is expected
for dwarf galaxies), located for simplicity at its center.

Galaxy

z =10
nISM = 1

cm−3

Rg

R

nIGM = 2.4 × 10−4 cm−3
 Ionization fraction of the IGM
 Radius of the galaxy

ISM

Electron
source
IGM

Primordial IGM Composition:
X = 0.752, Y = 0.248, and Z = 0
fion = n(H II)/n(H) = n(He II)/n(He)
(free parameter)

Free parameters

Fiducial MQ spectrum in the galaxy: Power Law
 Emin = 521 keV (Ek = 10 keV)
 Emax= 1 PeV
 Index -2.5
 Total kinetic luminosity1040 erg s−1
Douna
et al.,
2017,
accepted
in MNRAS
Douna
et al.,
2017,
accepted
in MNRAS

arXiv:1711.07374
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Ionization rate per u. vol. decreases as the distance from the source increases.
Weak dependence of the
ionization rate on the ionization
fraction.
The ability of MQ electrons
to ionize the IGM at a fixed
distance from the galaxy
centre decreases with
increasing fion.

MQs would be able to
maintain by themselves large
ionization fractions (of the
order of 0.1) near the
galaxies, in the kiloparsec
scale.
Fiducial spectrum, Rg = 1 kpc, Rec. rate B=2,6 x 10-13cm3s-1

Douna et al., 2017, accepted in MNRAS

arXiv:1711.07374
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Heating rate per u.
vol. decreases as
the distance from
the source
increases.

The heating rate
density increases
with the ionization
fraction.

Douna et al., 2017, accepted in MNRAS

arXiv:1711.07374
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Spectra displaying larger fractions
of low-energy electrons produce
larger ionization/heating rates.

Rg = 1 kpc, fion=0.01

Recombination rates for two scenarios:
• “warm” (pre-heated medium, IGM
temperature 104 K),
• “extremely cold” (IGM temperature
equal to that of the CMB at z = 10).

A colder medium would imply a higher recombination rate, and thus a lower
ionization power of electrons.
Douna et al., 2017, accepted in MNRAS

arXiv:1711.07374
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MQs in small galaxies are slightly
better ionizing/heating sources,
because more low-energy electrons
can escape from them.
Fiducial spectrum, fion=0.01

The highest ionization/heating rate
is reached for the smallest galaxy.

Douna et al., 2017, accepted in MNRAS

arXiv:1711.07374
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However…

The amount of energy deposited in the IGM in the 1 Mpc scale
represents only 5% of the total power emitted by our fiducial source.
Roughly 60% of the energy emitted by the source
leaves the 1 Mpc volume, and is available for
ionizing/heating larger IGM regions.

We have considered only BASIC ELECTRON COOLING PROCESSES
Other cooling mechanisms…?
Enhancement of ionization and heating rates

Douna et al., 2017, accepted in MNRAS

arXiv:1711.07374
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Comparison with previous works is not straightforward;
we focus on shorter scales!
(Tueros+2014; Madau & Fragos 2017; Leite+2017).

 Extrapolating to larger scales, a set of galaxies containing MQs (fiducial model) would
produce mean rates:
Our model

dnion/dt

8 × 10−18 m−3 s−1

dHeat/dt

8 × 10−20 keV m−3

CRs from SNe

~
~

2 × 10−18 m−3 s−1,
1 × 10−19 keV m−3 s−1

Douna et al., 2017, accepted in MNRAS

Much lower than UV
photons from Pop II stars
(dnion /dt ∼ 10−14 m−3 s−1,
Leite et al. 2017)

arXiv:1711.07374
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 Our heating rate corresponds to a global IGM temperature change:

T ≈ 50K

Same order of magnitude than
the increment on the average
IGM temperature due to CRs
from SNe and similar to that
predicted for X-rays from
XRBs, at redshift 10.

XR from XRBs

Madau & Fragos (2017)

CRs from
SNe

Leite et al. (2017)

The contribution of electrons from MQs to IGM
heating cannot be neglected
Douna et al., 2017, accepted in MNRAS

arXiv:1711.07374
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 Electrons from MQs would be able to maintain by themselves large ionization
fractions (~0.1) near the galaxies (kpc scale), and contribute significantly to heating.
 The total energy used in ionizing and heating the IGM at short scales is only a
minor fraction of the total energy carried by electrons.
 MQs in smaller galaxies are more effective in ionizing/heating the surrounding
medium.
 MQs with soft spectra display the greatest ionizing/heating power.
Our treatment includes only the basic processes for electrons and the MQ model is simplistic;
a more detailed and accurate description is left for a future work.
Electrons from MQs would contribute to ionization significantly only in the kpc scale
near the galaxies, whereas their effect on the thermal history of the IGM would rival
that of other sources. Their net contribution to Reionization cannot be neglected.

Douna et al., 2017, accepted in MNRAS

arXiv:1711.07374
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Other Slides

Low energy electrons are more effective ionizers/heaters;
High energy electrons transport the energy further away.
Ionization and elastic scattering cool lowenergy electrons, whereas IC is responsible
for depleting the high-energy end of the
spectrum.

)

Energy of the electrons that
escape from the galaxy
(Rg=1 kpc, fion=0.01)

Energy of the original electrons
(input) that gave birth to them

Electrons that have the largest
probability of ionizing and heating,
cool within the galaxy and cannot
escape from it. To contribute to
Reionization, low-energy electrons
must be produced locally in the
IGM.

Transport + Deposition of energy in the IGM
(coupling low and high-energy regimes)
Douna et al., 2017, accepted in MNRAS

arXiv:1711.07374
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Spatial distribution of the energy deposition in the medium (low energy regime):

For each primary energy, there exists a
maximum radius Rlim at which no electron
escapes, because all the energy has already
been deposited within it.
 Rlim increases with decreasing density.
 Rlim does not vary significantly with fion
At fixed density and ionization fraction,
Rlim increases as a function of the
energy of the primary, but the larger
volume involved implies that the mean
ionization density decreases.
Low energy electrons are more effective ionizers/heaters and their effect is local; high
energy electrons transport the energy further away due to their longer mean free path
At the typical densities of the ISM, electrons up to 10 keV lose their energy inside the
galaxy.
Douna et al., 2017, accepted in MNRAS

The electrons emitted by the source with the
highest probability of ionizing (less than 10
keV), cool inside the galaxy (Rg=1 kpc)
and cannot escape.

¡To contribute to Reionization, lowenergy electrons must be produced
locally in the IGM!

The fraction of the energy
deposited in each process at
large scales depends of the
ionization fraction of the
medium

e.g.10 keV primary
Douna et al., 2017, accepted in MNRAS

• In the low-energy limit many
electrons do not escape the galaxy
(ionisation and heat).
•In the 1MeV – 0.1 TeV range, the
spectrum of the outcoming electrons
corresponds to a power law, that
matches the input electron spectrum.
•A lack of electrons with energies in the
0.1 TeV - 1 PeV range is seen in the
outcoming spectrum.

For kinetic energies higher than a
few dozens of TeVs, electrons lose
their energy by means of IC cooling in
the Klein-Nishina regime, giving birth
to a large amount of photons and an
increased population of
<1 TeV
electrons (not perceptible in the
weighted spectrum).

Douna et al., 2017, accepted in MNRAS

Spectral distribution of electrons escaping the galaxy,
injected by a MQ source with a total luminosity of 1040
erg s-1 in a galaxy with Rg = 1 kpc and fion = 0.01.

However…

The amount of energy deposited in the IGM in the 1 Mpc scale represents only
5% of the total power emitted by our fiducial source.

Ionization and elastic scattering cool
electrons in the low-energy end of the
spectrum, whereas IC is responsible for
depleting the high-energy end.
A new component of low-energy
electrons produced by direct Compton
scattering enhances the ionization
power of the source.

Spectral distribution of electrons escaping the
simulated 1 Mpc-radius IGM sphere, injected by a
MQ source with a total luminosity of 1040 erg s-1 in a
galaxy with Rg = 1kpc and fion = 0.01

Douna et al., 2017, accepted in MNRAS

Roughly 60% of the energy emitted
by the source leaves the 1 Mpc
volume, and is available for ionizing
larger IGM regions.
arXiv:1711.07374

