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What was it like sitting 
next to Riccardo?
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First Views of the X-ray Sky with Chandra
n Normal galaxy with ULX among first          

six objects detected in HDF-N
(166 ks)
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First Views of the X-ray Sky with Chandra
n Normal galaxy with ULX among first          

six objects detected in HDF-N
(166 ks)

HST f300w »2” X 3”

30 May 2019 3



Optical properties of CDF-N Sources, 221 ks
n “New” population seen to arise (just past 166 ks)

Hornschemeier et al. (2001)
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The X-ray output of binaries 
exceeds that of AGN at z>6

5

Supermassive 
Black Holes
(Aird et al. 2015)

X-ray Binaries 
from Galaxies
(Lehmer et al. 2016)

COSMIC 
DAWN
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X-rays from star formation affect 
the primordial IGM at z≈20 

(courtesy A. Mesinger)

The X-ray mean free path through the 
IGM is very sensitive to Ex: 

thus the patchiness of the heating tells 
us about the X-ray SED
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High-z 21 cm observations (HERA, SKA, etc.): 
Softer SEDs result in more

inhomogenous IGM heating

75
0 

M
pc

‘hard’ SED ~ HMXBs ‘soft’ SED ~ hot ISM

Pacucci, AM+ 201430 May 2019
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Sharing a laugh with Riccardo

Ann Hornschemeier                                
Giacconi Memorial Symposium                                         
National Academy of Sciences

30 May 2019 8



Reference mission baseline 
optics technology:
GSFC silicon metashells

Microcalorimeter arrays 
developed at GSFC:
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Lynx:  a new great observatory for X-ray astronomy
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X-ray astronomy owes a huge debt 
of gratitude to Riccardo Giacconi.

Thank you!

Ann.Hornschemeier@nasa.gov

mailto:Ann.Hornschemeier@nasa.gov


But we can learn more!

The X-ray mean free path through the 
IGM is very sensitive to Ex: 

thus the patchiness of the heating tells 
us about the X-ray SED

2 F. Pacucci et al.

Loeb 2013; Mesinger et al. 2014; though see also exploratory work
in Pritchard & Furlanetto 2007; Baek et al. 2010; Mesinger et al.
2013). The X-ray luminosity of the first galaxies5 regulates the tim-
ing of the heating epoch. However, the actual X-ray SED should
also be important in setting the signal, as the mean free path of X-
rays through the IGM, �X, has a very strong dependence on the
photon energy (e.g. Furlanetto et al. 2006; McQuinn 2012):
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(1)
where x̄HI is the mean neutral fraction of the IGM. Soft photons are
much more likely to be absorbed closer to the galaxies, while high
energy photons heat (or ionize) the IGM more uniformly. Indeed,
Mesinger et al. (2013) showed that if X-ray heating is dominated
by high-energy photons, the redshift evolution of the amplitude of
the large-scale 21cm power spectrum does not show an associated
pronounced peak. It is important to also note that because of this
strong energy dependence of �X, photons with energies ⇠> 2 keV
effectively free-steam, barely interacting with the IGM; this makes
the soft X-ray SED much more relevant for the 21cm signal.

Observations show that the SED of local galaxies is more
complicated than is usually assumed in 21cm studies. Locally, the
hot ISM contributes significantly to the galaxy’s soft X-ray emis-
sion (e.g. Strickland et al. 2000; Grimes et al. 2005a; Owen & War-
wick 2009; Strickland et al. 2004a; Li & Wang 2013; see the review
in §7.1 of Mineo et al. 2012b). As an example, we note that using
Chandra, Mineo et al. (2012b) recently studied the diffuse emis-
sion in a local sample of 21 star-forming galaxies, finding sub-keV
thermal emission from the hot ISM in every galaxy in the sam-
ple. The stacked, bolometric soft-band (0.5–2 keV) luminosity per
star formation rate (SFR) of the thermal emission is comparable to
that from resolved sources, dominated by high mass X-ray bina-
ries (HMXBs) with much harder spectra (e.g. Gilfanov et al. 2004;
Mineo et al. 2012a).

In this paper we illustrate the impact of the X-ray SED of the
first galaxies on the 21cm power spectrum. We use simple mod-
els representative of dominant populations of either soft (corre-
sponding to the hot ISM) or hard (corresponding to HMXBs) X-
ray sources. To show the robustness of our results, we also vary the
X-ray luminosity per SFR (SED normalization) and the halo mass
which hosts the dominant galaxy population.

As this work was nearing completion, a related study was pub-
lished by Fialkov et al. (2014). The most important distinction be-
tween the two works is that our analysis is motivated by Chandra

observations of nearby star-forming galaxies, rather then a theoret-
ical model of HMXBs. Furthermore, our proof-of-concept focuses
on predicting qualitative trends which are robust to the many astro-
physical uncertainties.

This paper is organized as follows. In §2 we discuss pos-
sible contributions to the X-ray SED of high�z galaxies, plac-
ing them in the context of recent Chandra observations. In §3
we present our simulations of the cosmological 21cm signal. In
§4 we discuss our main results, showing how the SED has a

5 For convenience, we use the adjective “first” somewhat imprecisely, re-
ferring to the galaxies responsible for heating the IGM, which likely occurs
at z ⇠10–20 (see below). The very first galaxies could appear even ear-
lier (z ⇠ 30), though star formation inside these rare mini-halos is likely
insufficient to significantly heat the IGM (e.g. McQuinn & O’Leary 2012).
Nevertheless, our qualitative conclusions are not affected by the precise red-
shift at which the relevant galaxies appear (see below).

robust imprint in the 21cm signal. Finally, we conclude in §5.
Unless stated otherwise, we quote all quantities in comoving
units. Throughout, we adopt recent Planck cosmological parame-
ters (Planck Collaboration et al. 2013): (⌦m, ⌦⇤, ⌦b, h, ns, �8) =
(0.32, 0.68, 0.049, 0.67, 0.96, 0.83).

2 X-RAYS FROM THE FIRST GALAXIES

As we do not know the X-ray SEDs of high-redshift, z > 10,
galaxies6 we are forced to make educated guesses, motivated by
observations of low-z (z ⇠< 4) galaxies. In the local Universe, ac-
tive galactic nuclei (AGN) dominate the X-ray background (XRB;
e.g. Moretti et al. 2012). However at high-redshifts (z ⇠> 5; e.g.
Haardt & Madau 2012; Fragos et al. 2013), the contribution of
AGN to the X-ray background should become sub-dominant to that
of end products of stellar evolution, accreting gas from companion
stars. These are characterized by the masses of their donor stars,
and comprise HMXBs, intermediate mass X-ray binaries (IMXBs),
low mass X-ray binaries (LMXBs), cataclysmic variables and ac-
tive binaries. However, the characteristic timescales of all but the
HMXBs are longer than the Hubble time at the very high redshifts
of interest. Furthermore, the bolometric7 X-ray luminosity of lo-
cal, star-forming galaxies is found to be dominated by resolved
HMXBs (e.g. Grimm et al. 2003; Ranalli et al. 2003; Swartz et al.
2004a; Persic & Rephaeli 2007; Lehmer et al. 2010; Swartz et al.
2011; Walton et al. 2011; Mineo et al. 2012a). For these reasons,
many studies of early IGM heating focus on HMXBs as the primary
source of X-rays in star-forming galaxies (e.g. Furlanetto 2006;
Pritchard & Furlanetto 2007; Mesinger et al. 2011; Santos et al.
2011; though see, e.g., Valdés et al. 2013 and Evoli et al., in prep.
for more exotic models in which heating can be dominated by an-
nihilating dark matter).

On the other hand, the hot ISM could contribute a significant
amount of soft X-rays. Heated by supernovae (SNe) explosions
and winds to temperatures of 106�7 K, this hot plasma emits X-
rays through a combination of thermal bremsstrahlung and metal
line cooling. It is diffuse and more spatially extended than the
point sources discussed above. Its presence is typically detected
in normal star-forming galaxies and starbursts (e.g Strickland et al.
2000, 2004b; Grimes et al. 2005b; Mineo et al. 2012b; Li & Wang
2013), as well as in high-resolution ISM simulations of the first,
atomically-cooled galaxies (e.g. Wise et al. 2012; Aykutalp et al.,
in prep). The contribution of soft emission from the hot ISM to the
X-ray heating epoch has not been considered previously.

Below we take HMXBs and the hot ISM as the two potential
sources of X-ray emission from the first galaxies. In nearby galax-
ies, the total luminosity of both of these sources is observed to be
proportional to the galaxy’s star-formation rate (e.g. Gilfanov et al.
2004). Interestingly, both HMXBs and the hot ISM have a compa-

rable, observed soft-band (0.5–2 keV) luminosity per SFR:⇠ 8 and
5 ⇥1038 erg s�1

M� yr�1, respectively (Mineo et al. 2012a,b).
However, their SEDs are dramatically different, as we discuss fur-
ther below. We also make the distinction between the intrinsic and

6 QSOs at z ⇠< 6 have been detected in X-rays (e.g. Brandt et al. 1999;
Fan et al. 1999), as well as galaxies at z ⇠< 4 through stacking analysis
(Basu-Zych et al. 2013).
7 We stress again that high-energy X-rays are unlikely to interact with the
IGM at redshift relevant for the 21cm signal, given their long mean free
paths. Hence the soft-band (⇠< 2 keV) SED and luminosity is more relevant
for predicting the 21cm signal.
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