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In	  discussions	  with:	  Portugal,	  France,	  Malta	  	  
Interest	  from:	  Japan,	  Switzerland	  (Germany	  out,	  back	  in	  later?)	  

Australia	  (DoI&S)	  
Canada	  (NRC-‐HIA)	  
China	  (MOST)	  
India	  (NCRA/DAE)	  
Italy	  (INAF)	  
Netherlands	  (NWO)	  
New	  Zealand	  (MED)	  
South	  Africa	  (DST)	  
Sweden	  (Chalmers)	  
UK	  (STFC)	  
Spain	  
France	  

SKA global community 

	  	  China:	  
-‐	  VLBI,	  CoL,	  Cosm.	  
-‐	  SDP,	  LFAA,	  DsH	  
	  

SKA	  telescope	  sites	  
SKA1-‐MID	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  SKA1-‐LOW	  

courtesy	  of	  Jeff	  Wagg	  



3	  

Negotiations to establish SKA  
Inter-Governmental Organisation  

Text of Convention and protocols now agreed 
Initialing of treaty documents is now complete 
Ministerial signing ceremony toward the end of 2018 
 
Transition planning underway … 

courtesy	  of	  Jeff	  Wagg	  



SKA Phase 1 
3	  sites	  (AUS,	  RSA,	  UK-‐HQ) 	  2	  telescopes	  (LOW,	  MID) 	   	  one	  Observatory	  (SKAO)	  

Construc]on	  Cost-‐cap:	  €675M	  
Procurement:	  2019	  –	  

Science	  	  commissioning:	  2022	  -‐	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  SKA1-‐Mid:	  ~200	  x	  15m	  dishes,	  

	  	  	  	  0.35	  –	  15	  (24)	  GHz	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  150	  (120)	  km	  max.	  baseline	  	  	  

	  	  	  	  	  	  (>0.22”	  @	  1.7	  GHz;	  >34	  mas	  @	  15	  GHz)	  	  
	  Karoo,	  South	  Africa	  

SKA1-‐Low:	  ~131,000	  low-‐freq	  dipoles,	  
50	  –	  350	  MHz	  

65	  (40)	  km	  max.	  baseline	  (>11”	  @	  110	  MHz)	  
Murchison,	  Western	  Australia	  

courtesy	  of	  Jeff	  Wagg	  
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21	  cm	  line	  from	  neutral	  hydrogen	  

Hyperfine	  transi]on	  in	  the	  ground	  state	  of	  neutral	  hydrogen	  
produces	  the	  21cm	  line.	  



Widely	  used	  to	  map	  the	  HI	  content	  of	  
our	  galaxy	  and	  nearby	  galaxies	  

Circinus	  Galaxy	  
ATCA	  HI	  image	  by	  B.	  Koribalski	  (ATNF,	  CSIRO),	  K.	  Jones,	  M.	  Elmoume	  (University	  of	  
Queensland)	  and	  R.	  Haynes	  (ATNF,	  CSIRO).	  



Cosmic	  history	  

z	  ~	  6	  
tage	  ~	  1	  Gyr	  

z~1100	  
tage	  ~	  0.4	  Myr	  

	  

Reioniza]on	   Dark	  Ages	  

Recom
bina]on	  

HII	  

z	  ~	  20	  
tage	  ~	  150	  Myr	  

z	  =	  0	  
tage	  ~	  14	  Gyr	  

HI	  

Lots	  of	  neutral	  hydrogen!	  



Cosmic	  history	  in	  21cm	  

z	  ~	  6	  
tage	  ~	  1	  Gyr	  

z~1100	  
tage	  ~	  0.4	  Myr	  

	  

Reioniza]on	   Dark	  Ages	  

Recom
bina]on	  

z	  ~	  20	  
tage	  ~	  150	  Myr	  

HI	  

z	  ~	  0	  
tage	  ~	  14	  Gyr	  

Infancy	  of	  Cosmic	  Web	  

First	  Stars	  

First	  Black	  Holes	  

HII	  

Cosmic	  Dawn	  



z~1100	  
tage	  ~	  0.4	  Myr	  

	  

Recom
bina]on	  

z	  ~	  20	  
tage	  ~	  150	  Myr	  

z	  ~	  0	  
tage	  ~	  14	  Gyr	  

CMB	  backlight	  

υ21~	  70	  MHz	  	  
Redshiqed	  21cm	  signal.	  	  
tune	  radio	  to:	  

Cosmic	  history	  in	  21cm	  



z~1100	  
tage	  ~	  0.4	  Myr	  

	  

Recom
bina]on	  

z	  ~	  20	  
tage	  ~	  150	  Myr	  

HII	  

CMB	  backlight	  

υ21~	  70	  MHz	  	  
Redshiqed	  21cm	  signal.	  	  
tune	  radio	  to:	  

LOFAR,	  
MWA,	  
PAPER,	  
21CMA,	  
GMRT	  
2nd	  gen:	  HERA,	  SKA	  

interferometer	  

Cosmic	  history	  in	  21cm	  



Why	  so	  colorful?	  	  Physics-‐rich	  probe	  

neutral	  frac]on	  

gas	  density	  

LOS	  velocity	  gradient	  

spin	  temperature	  

Signal	  contains	  both	  ASTROPHYSICAL	  and	  	  
COSMOLOGICAL	  terms	  



The	  full	  power	  of	  21cm	  is	  to	  reach	  back	  
into	  the	  infancy	  of	  galaxy	  forma]on	  

beyond	  other	  probes….	  



spin	  temperature	  

Pre-‐reioniza]on	  signal	  

Shortly	  aPer	  the	  first	  stars	  turn	  on,	  the	  pervasive	  soP	  UV	  background	  they	  create	  
couples	  the	  spin	  temperature	  to	  the	  kineVc	  temperature	  (so-‐called	  Lyα	  pumping),	  
even	  in	  the	  diffuse	  IGM:	  

Ts	  ~	  Tk	  

•  when	  Ts	  <	  Tcmb	  –	  signal	  is	  seen	  in	  absorpVon	  
•  when	  Ts	  >	  Tcmb	  –	  signal	  is	  seen	  in	  emission	  
•  when	  Ts	  >>	  Tcmb	  –	  signal	  does	  not	  care	  about	  the	  temperature	  



“Fiducial”	  scenario:	  the	  IGM	  is	  heated	  by	  X-‐rays	  
from	  HMXBs	  before	  (most	  of)	  reioniza]on	  

McQuinn	  &	  O’Leary	  (2012)	  
see	  also	  Furlane7o	  (2006),	  
Mesinger+	  (2013)	  

4

to suppress cooling in halos with masses< 3.0×106 M⊙.5

X-ray heating: Another critical juncture occurred
when ρ̇SFR was sufficient for X-rays to have heated the
gas above the CMB temperature. Penetrating X-rays
are likely the most efficient mechanism for reheating the
IGM (Chen & Miralda-Escudé 2004). However, relat-
ing X-ray production to the star formation rate (SFR)
is more uncertain than relating ultraviolet emission to
SFR since X-ray production depends on the abundances
of X-ray binaries and supernovae. To do so, we follow
the methodology taken in Furlanetto (2006), using rela-
tions calibrated on low-redshift galaxies between X-ray
luminosity and the SFR. In particular, the critical SFR
density to heat the IGM with X-rays by the CMB tem-
perature is

[ρ̇SFR]X=4.0× 10−2Z5/2
20

!

tSFR
0.1 tH

"−1 !fX
0.2

"−1

(10)

×
!

LX/SFR

1040 erg s−1 M⊙
−1 yr

"−1

M⊙ yr−1 Mpc−3,

where fX is the fraction of energy that heats the IGM
(Shull & van Steenberg 1985), LX/SFR is the ∼ 0.1 −
2 keV luminosity per unit SFR, tSFR is the timescale
over which the emitting population had been active, and
tH = H(z)−1. Equation (11) evaluated LX/SFR at
1040 erg s−1 M⊙

−1 yr, which is a factor of ∼ 5 higher
than low redshift measurements for the same relation-
ship except between 2 − 10 keV (Grimm et al. 2003;
Mineo et al. 2011).6 Interestingly, there is no evidence
for evolution in the LX/SFR, even to z ≈ 6 (Cowie et al.
2011). Using the Sheth-Tormen mass function, the e-
folding time, [d log fcoll(mh)/dt]−1, is 0.11 and 0.06 of
a Hubble time at z = 20 for mh = 106 M⊙ and
mh = 108 M⊙, respectively.
Is it again possible for minihalos to have dominated

the X-ray reheating of the Universe? For our fiducial
parameters, JLW,21 would have been even larger by
a factor of 20 when [ρ̇SFR]X was satisfied than when
[ρ̇SFR]α was. Larger fX will reduce the resulting
JLW,21, making it more difficult for the Lyman-Werner
background to sterilize minihalos. However, X-rays
can also catalyze the formation of H2, combatting its
destruction via the Lyman-Werner background. We find
in models similar to Furlanetto (2006) that at [ρ̇SFR]X
the ionized fraction is increased by a factor of 10 over
the relic fraction from recombination. In the absence
of recombinations, 10 times more molecular hydrogen
will form such that a 10 times larger Lyman-Werner
background is required to yield the same H2 fraction.
This estimate of a factor of 10 is the upper bound on
how much JLW,21 can be increased, as the recombination
time is ∼ 1 Hubble time for virialized gas at z = 20 with

5 This estimate ignored the depletion of the Lyman-Werner back-
ground as these photons ionize the H2 in the mean IGM. This ad-
ditional absorption is estimated to contribute an optical depth of
1 − 2 (Ricotti et al. 2001), and density inhomogeneities will also
enhance the depth over these estimates.

6 The spectral index of the X-ray emission is uncertain, but
empirical determinations at low-redshifts are consistent with hav-
ing equal energy per log in frequency (Rephaeli et al. 1995;
Swartz et al. 2004). Low-z X-ray emission that traces star for-
mation is dominated by high mass X-ray binaries.

Fig. 1.— Model history of the gas temperature and spin temper-
ature (top panel) and of the mean 21cm brightness temperature
(bottom panel) for the parameters Nα = 104, fX = 1, f∗ = 0.02,
Nion = 4000, and fesc = 0.1, assuming that star formation traces
the mass in atomic cooling halos. The shaded regions qualita-
tively delineate the phases where different radiation backgrounds
drive the signal: first ultraviolet pumping, then X-ray heating, and
lastly Reionization. LEDA and DARE aim to constrain this signal
between 10 ! z ! 30.

the relic electron fraction.

Ionizations: The final effect that stars have on the
21cm signal is via their ionizations of intergalactic gas.
If a stellar population produces Nion ionizing photons
per stellar baryon, the critical SFR density required to
reionize the Universe to ionized fraction xi is

[ρ̇SFR]ion=4.4× 10−1 x̄i Z
3/2
20

!

tSFR
0.1 tH

"−1

×
!

fesc
0.1

Nion

4000

"−1

M⊙ yr−1 Mpc−3, (11)

where fesc is the fraction of ionizing photons that escape
from their sites of production into the IGM. The factor
fesc is highly uncertain and likely to be ≪ 1 (e.g.,
Kuhlen & Faucher-Giguere 2012), and Nion ≈ 4000 for
Z = 0.05Z⊙ Pop II stars with a Scalo initial mass
function (IMF; Barkana & Loeb 2001). This number
varies at the factor of 2-level when changing assump-
tions regarding the metallicity and the IMF, at least for
empirically-determined IMFs. However, Pop III stars
with a top-heavy IMF are much more efficient producers
of ionizing photons, with Nion ≈ 40, 000 (Bromm et al.
2001).

Thus, we find [ρ̇SFR]α ≪ [ρ̇SFR]X ≪ [ρ̇SFR]ion in agree-
ment with Furlanetto (2006). In this ordering, radiation
from star formation first coupled the spin temperature to
the gas temperature such that the 21cm signal appears in
absorption. Next, radiation associated with star forma-
tion reheated the Universe, and, lastly, stellar radiation
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where fesc is the fraction of ionizing photons that escape
from their sites of production into the IGM. The factor
fesc is highly uncertain and likely to be ≪ 1 (e.g.,
Kuhlen & Faucher-Giguere 2012), and Nion ≈ 4000 for
Z = 0.05Z⊙ Pop II stars with a Scalo initial mass
function (IMF; Barkana & Loeb 2001). This number
varies at the factor of 2-level when changing assump-
tions regarding the metallicity and the IMF, at least for
empirically-determined IMFs. However, Pop III stars
with a top-heavy IMF are much more efficient producers
of ionizing photons, with Nion ≈ 40, 000 (Bromm et al.
2001).

Thus, we find [ρ̇SFR]α ≪ [ρ̇SFR]X ≪ [ρ̇SFR]ion in agree-
ment with Furlanetto (2006). In this ordering, radiation
from star formation first coupled the spin temperature to
the gas temperature such that the 21cm signal appears in
absorption. Next, radiation associated with star forma-
tion reheated the Universe, and, lastly, stellar radiation

SFR	  required	  to	  reionize	  the	  Universe:	  

is	  much	  larger	  than	  the	  SFR	  needed	  to	  
heat	  it	  with	  HMXBs:	  



Dark%Ages%Lyα%coupling%X4ray%hea6ng%Reioniza6on%

1"Gyr" 100"Myr" 20"Myr"300"Myr"

Evolu;on	  of	  21cm	  Structure	  (EOS)	  2016	  data	  release.	  Mesinger+	  (2016)	  



High	  S/N	  detec]on	  of	  21-‐cm	  power	  
spectra	  with	  SKA	  

10 15 20 25 30
z

10�1

100

101

102

103

T
o
ta

l
S
/
N

Reionization X-ray heating WF Coupling

SKA F. S., 1000 h
SKA F. S., 100 ⇥ 10 h
SKA F., 1000 h
SKA F., 100 ⇥ 10 h
SKA F. 512S., 1000 h
HERA, 1000 h
LOFAR, 1000 h
PAPER, 1000 h
MWA 128T, 1000 h

Mesinger+	  (2016)	  



But	  what	  do	  we	  learn	  from	  detec]ng	  
the	  epoch	  of	  X-‐ray	  hea]ng	  (EoX)???	  



What	  are	  the	  sources	  of	  X-‐ray	  hea]ng?	  

HMXB	  are	  expected	  to	  dominate	  the	  soq	  XRB	  beyond	  z>6-‐8….	  	  But	  maybe	  hot	  ISM,	  faint	  AGN?	  
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FIG. 13.— Estimated normal-galaxy X-ray emissivity of the Universe versus redshift for the 0.5–2 keV (a) and 2–10 keV (b) bands. For comparison, the
AGN emissivity, as computed by Aird et al. (2015), are shown for both bandpasses as magenta dot-dashed curves. Data points with 1σ error bars correspond
to scaling the best-fit values of α and β provided in Table 4 to the Madau & Dickinson (2014) analytic estimates of stellar-mass and SFR density, respectively.
The solid curves and shaded 1σ error regions represent the theoretical best-estimates for the evolution of X-ray scaling relations with cosmic time, including
typical uncertainties in measurements of the SFR densities ψ and stellar mass densities ρ⋆, as well as uncertainties in the XRB SED due to absorption (for the
0.5–2 keV band only). The LMXB and HMXB contributions to these curves were computed by scaling, respectively, α and β from XRB population-synthesis
Model 269 to the analytic stellar-mass and SFR densities (dashed curves). We scaled the local hot gas scaling relations with SFR to the analytic SFR density
curve to compute the hot gas contributions (see text for details). Under these assumptions, XRBs dominate the normal galaxy emissivity of the Universe at all
redshifts, with LMXBs dominating at z <

∼ 1–2 and HMXBs at z >
∼ 1–2, and there is an indication that the normal galaxy emissivity will exceed that of AGN at

z >
∼ 6–8.

model, Model 245, imply that the conclusions drawn here are
the same basic conclusions drawn by F13a: the rise in α with
redshift arises due to the shifting to higher-mass LMXB donor
stars, and more luminous LMXBs, as the population age de-
clines with increasing redshift. The predicted turn over in α
at z >∼ 2.5 occurs when the Universe was ≈2.5 Gyr old, and
the stellar populations were on average≈1 Gyr in age, which
is the peak stellar age for LMXB emission. Therefore, the
turn over in α around z ≈ 2.5 corresponds to the peak stel-
lar age for LMXB formation. Populations with 0.5–1.5 Gyr
age (z = 2–5) are expected to produce comparably bright
LMXB emission per unit M⋆, due to contributions from mas-
sive (≈3 M⊙) red giant (RG) donors (see, e.g., Kim et al.
2009). LX(LMXB)/M⋆ then declines rapidly at ages above
≈1.5 Gyr (i.e., z <∼ 2.5), as the brightest RG donor star mass
shifts to lower masses ( <∼ 1–3M⊙). Some studies of LMXBs
in local elliptical galaxies of different ages have provided ini-
tial support for this prediction (e.g., Kim & Fabbiano 2010;
Lehmer et al. 2014); however, no statistically conclusive re-
sults have been reached based on how LMXBs evolve with
stellar-population age using local galaxies (e.g., Boroson et al.
2011; Zhang et al. 2012).
For HMXBs, mild evolution is predicted for β, continuing

to high redshifts, due to a decline in metallicity with redshift.
As argued by Linden et al. (2010) and F13a, star-formation
under low-metallicity conditions can yield significantly larger
numbers of compact objects (neutron stars and black holes),
compared with higher metallicities, due to a reduction in the
efficiency of stellar-wind mass loss over the lifetimes of mas-
sive stars. Additionally, massive stars at lower metallicity tend
to expand to large radii later in their evolution compared to

higher metallicity ones. Hence, lower metallicity stars form
better defined and more massive cores before entering the
common envelope. This in turns allows for the easier ejec-
tion of the common-envelope of stars that will produce black
holes (Linden et al. 2010; Justham et al. 2015). This increased
pool of black holes in low-metallicity environments results
in an excess of HMXBs (and thus HMXB emission) per unit
SFR compared to higher metallicity environments. Further-
more, the most massive black holes formed in low metallic-
ity environments can be quite large, increasing the potential
for the X-ray emission from very luminous X-ray sources to
vastly exceed the collective emission from much more nu-
merous low-luminosity XRBs. These sources are thought
to provide important contributions to heating the intergalac-
tic medium at z >∼ 10 (e.g., Mirabel et al. 2011; Fragos et al.
2013b; Kaaret 2014). Studies of the metallicity dependence
of ultraluminous X-ray source (ULX) formation and LX/SFR
have demonstrated this effect empirically, and find depen-
dences similar to that expected from the F13a population-
synthesis predictions (e.g., Mapelli et al. 2009, 2010; Basu-
Zych et al. 2013a; Brorby et al. 2014; Douna et al. 2015).
These findings, along with the results presented in this pa-
per, therefore support the idea that XRB emission was en-
hanced in the primordial z >∼ 10 Universe, and could provide
a non-negligible contribution to the heating of the intergalac-
tic medium.

7.2. Implications for the Cosmic X-ray Emissivity and X-ray
Background Contribution

Given the potential for normal-galaxy populations to be
substantial contibutors to heating of the intergalactic medium

Lehmer+	  (2016)	  



The	  ;ming	  of	  the	  Epoch	  of	  X-‐ray	  Hea]ng	  depends	  on	  Lx/SFR	  

Park,	  AM+	  2018	  
IF	  HMXB	  scale	  to	  high-‐z	  as	  we	  expect,	  the	  soq	  band	  Lx/SFR	  should	  be	  
constrained	  to	  ~0.1%	  precision	  with	  SKA	  



But	  we	  can	  learn	  more!	  
	  

The	  X-‐ray	  mean	  free	  path	  through	  the	  
IGM	  is	  very	  sensi]ve	  to	  Ex:	  	  

	  
	  
	  

thus	  the	  patchiness	  of	  the	  hea]ng	  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):

�X ⇡ 34 x̄�1
HI

„
EX

0.5 keV

«2.6 „
1 + z

15

«�2

comoving Mpc ,

(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, n
s

, �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 ⇥10

38 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.

c� 0000 RAS, MNRAS 000, 000–000



Soqer	  SEDs	  result	  in	  more	  
inhomogeous	  IGM	  hea]ng	  
75
0	  
M
pc
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Pacucci,	  AM+	  2014	  



Soq-‐band	  SED	  of	  SF	  galaxies	  
•  Cross-‐sec]on	  scales	  as	  E3,	  and	  E>2keV	  has	  a	  mean	  free	  
path	  >	  Hubble	  length	  

à	  SOFT	  X-‐rays	  are	  doing	  all	  of	  the	  hea;ng!	  Athena	compared	with	other	missions

http://www.issibern.ch/cargese2016/index.php/Main_Page
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Figure	  courtesy	  of	  Ann	  
Hornschemeier	  



Soq-‐band	  SED	  of	  SF	  galaxies	  

Brorby+	  (2016)	  

Athena’s	  beMer	  response	  in	  the	  soN-‐band	  means	  +	  wide-‐field	  survey	  that	  
we	  can	  beMer	  characterize	  the	  (galaxy	  integrated)	  SEDs	  of	  local,	  star-‐
forming	  galaxies,	  and	  their	  scaMer	  +	  metallicity	  dependence	  
	  

X-rays from LBAs 4085

Figure 3. Plot showing the LX/SFR relation as discussed in the Results section. The red pentagons are the reported LX/SFR values from BZ13 adjusted to
compare to M12. The dashed line (blue) and the blue band (hatched) represent the Mineo et al. (2012a,b) results for unresolved sources in the 0.5–8 keV range
and M12-equivalent SFRs: LX/SFR = 3.9 × 1039 (erg s−1)/(M⊙ yr−1) with dispersion of 0.34 dex. The magenta dot–dashed line and magenta band are the
mean and dispersion we calculate using the M12 SFR indicator (LX/SFR = 7.08 × 1039, σ = 0.27 dex) for our data (magenta triangles). The black solid line is
the prediction from Fragos et al. (2013b) and the black dot–dashed line represents the projected fit from Section 5.1. Note: there is a significant disagreement
in LX/SFR between the BZ13 published value and our reported value for the galaxy with metallicity of 8.33 (Haro 11). This disagreement largely arises from
SFR value. BZ13 reports a value of 10.88 M⊙ yr−1, whereas we find a value of 54.6 M⊙ yr−1. The most likely reason for this is that we use raw WISE (IR)
and GALEX (UV) data, and BZ13 uses the reported value of LIR from Grimes et al. (2007), who used IRAS multiband data.

contribution from the unresolved, diffuse component of their sam-
ple of galaxies. They found that this also correlates linearly with
SFR such that

Ldiff
0.5−2keV(ergs−1) = 8.3 × 1038 SFR(M⊙yr−1),

with a dispersion of σ = 0.34. Ldiff
0.5−2keV is the unresolved emis-

sion, from which the contribution of backgrounds and unresolved
HMXBs was subtracted. The sample consisted of a subset of 21 out
of the original 29 galaxies used in the M12 Paper I. Expanding this
relation to the 0.5–8 keV range, using the two-component thermal
plus power-law model discussed in Mineo et al. (2012b), we find
a conversion factor of 1.17. We can add this to the resolved XRB
LX −SFR relation of M12 to get

LXRB+diff
0.5−8keV (ergs−1) = 3.9 × 1039 SFR(M⊙yr−1),

log10 LX = 39.59 + log10 SFR ,

with dispersion σ = 0.34 dex (Fig. 3). Thus, our result shows a
factor of 1.8+0.8

−0.6 increase in X-ray luminosity with respect to SFR.
We have seen that the sample of LBA galaxies exhibit an elevated

LX/SFR relation as compared to the results for spiral and irregular
starburst galaxies M12. Comparing these two samples we calculate
the significance of this elevated X-ray luminosity using the two-
sample t-test method (Welch statistic), assuming the null hypothesis
(no difference in mean values). We compare our results (µ = 39.85,
σ = 0.25, n = 10) with M12 (µ = 39.59, σ = 0.34, n = 29) and get a
probability of 0.018(2.4σ ) that the two samples are drawn from the
same population. Comparing the difference between the observed
values of LX/SFR for the 10 LBAs and the 29 galaxies from M12, we
find a one-tailed significance of 98.2 per cent using a permutation
test (Fisher 1935; Dwass 1957; Barnard 1963), consistent with the

t-test result. Therefore, the LBA population does show significant
enhancement of LX/SFR compared to that for M12.

If we restrict ourselves to the metallicity range 8.0 < 12 +
log (O/H) < 8.5, the common ground for the LBAs and M12 sam-
ple, we find a reduced significance of 96.2 per cent from the two-
sample t-test. This may suggest an LX/SFR enhancement in the
LBAs not attributable to metallicity effects.

5.1 Possible LX–SFR–metallicity plane for star-forming
galaxies

In this section we discuss a possible plane describing the X-ray lu-
minosity of a star-forming galaxy dominated by HMXB (SFR/M⋆

> 1 × 10−10 yr−1). M12 did not publish associated metallicities
for their sample. However, Douna et al. (2015) found metallicities
for 19 out of 29 galaxies using SDSS optical data consistent with
the measurement technique used in this paper. Douna et al. (2015)
compared the LX/SFR of BCDs found in Brorby et al. (2014) and
star-forming galaxies in M12 versus metallicity and found an en-
hancement of a factor of 10. We use the sample of Douna et al.
(2015) as our comparison sample for metallicity dependence. We
split the sample into the 12 + log (O/H) > 8 M12 subset (blue
squares) and the remaining galaxies (12 + log (O/H) < 8), which
consist mostly of BCDs found in Brorby et al. (2014) (green circles,
black triangles (LX upper limits only)). The errors on luminosity (LX)
for the comparison sample are estimated from threshold luminosity
and measured luminosity (table 1 in Douna et al. 2015), assuming
Poisson errors. All data from Douna et al. (2015) have been cor-
rected to be consistent with the measurement techniques used in
this paper, as described in the previous section. We exclude data
that have only upper limits on LX from our fitting procedure.

MNRAS 457, 4081–4088 (2016)



Soq-‐band	  SED	  of	  SF	  galaxies:	  
evolu]on	  with	  z	  

Confront	  popula]on	  synthesis	  models	  of	  HMXBs	  (e.g.	  Fragos+2013)	  
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FIG. 13.— Estimated normal-galaxy X-ray emissivity of the Universe versus redshift for the 0.5–2 keV (a) and 2–10 keV (b) bands. For comparison, the
AGN emissivity, as computed by Aird et al. (2015), are shown for both bandpasses as magenta dot-dashed curves. Data points with 1σ error bars correspond
to scaling the best-fit values of α and β provided in Table 4 to the Madau & Dickinson (2014) analytic estimates of stellar-mass and SFR density, respectively.
The solid curves and shaded 1σ error regions represent the theoretical best-estimates for the evolution of X-ray scaling relations with cosmic time, including
typical uncertainties in measurements of the SFR densities ψ and stellar mass densities ρ⋆, as well as uncertainties in the XRB SED due to absorption (for the
0.5–2 keV band only). The LMXB and HMXB contributions to these curves were computed by scaling, respectively, α and β from XRB population-synthesis
Model 269 to the analytic stellar-mass and SFR densities (dashed curves). We scaled the local hot gas scaling relations with SFR to the analytic SFR density
curve to compute the hot gas contributions (see text for details). Under these assumptions, XRBs dominate the normal galaxy emissivity of the Universe at all
redshifts, with LMXBs dominating at z <

∼ 1–2 and HMXBs at z >
∼ 1–2, and there is an indication that the normal galaxy emissivity will exceed that of AGN at

z >
∼ 6–8.

model, Model 245, imply that the conclusions drawn here are
the same basic conclusions drawn by F13a: the rise in α with
redshift arises due to the shifting to higher-mass LMXB donor
stars, and more luminous LMXBs, as the population age de-
clines with increasing redshift. The predicted turn over in α
at z >∼ 2.5 occurs when the Universe was ≈2.5 Gyr old, and
the stellar populations were on average≈1 Gyr in age, which
is the peak stellar age for LMXB emission. Therefore, the
turn over in α around z ≈ 2.5 corresponds to the peak stel-
lar age for LMXB formation. Populations with 0.5–1.5 Gyr
age (z = 2–5) are expected to produce comparably bright
LMXB emission per unit M⋆, due to contributions from mas-
sive (≈3 M⊙) red giant (RG) donors (see, e.g., Kim et al.
2009). LX(LMXB)/M⋆ then declines rapidly at ages above
≈1.5 Gyr (i.e., z <∼ 2.5), as the brightest RG donor star mass
shifts to lower masses ( <∼ 1–3M⊙). Some studies of LMXBs
in local elliptical galaxies of different ages have provided ini-
tial support for this prediction (e.g., Kim & Fabbiano 2010;
Lehmer et al. 2014); however, no statistically conclusive re-
sults have been reached based on how LMXBs evolve with
stellar-population age using local galaxies (e.g., Boroson et al.
2011; Zhang et al. 2012).
For HMXBs, mild evolution is predicted for β, continuing

to high redshifts, due to a decline in metallicity with redshift.
As argued by Linden et al. (2010) and F13a, star-formation
under low-metallicity conditions can yield significantly larger
numbers of compact objects (neutron stars and black holes),
compared with higher metallicities, due to a reduction in the
efficiency of stellar-wind mass loss over the lifetimes of mas-
sive stars. Additionally, massive stars at lower metallicity tend
to expand to large radii later in their evolution compared to

higher metallicity ones. Hence, lower metallicity stars form
better defined and more massive cores before entering the
common envelope. This in turns allows for the easier ejec-
tion of the common-envelope of stars that will produce black
holes (Linden et al. 2010; Justham et al. 2015). This increased
pool of black holes in low-metallicity environments results
in an excess of HMXBs (and thus HMXB emission) per unit
SFR compared to higher metallicity environments. Further-
more, the most massive black holes formed in low metallic-
ity environments can be quite large, increasing the potential
for the X-ray emission from very luminous X-ray sources to
vastly exceed the collective emission from much more nu-
merous low-luminosity XRBs. These sources are thought
to provide important contributions to heating the intergalac-
tic medium at z >∼ 10 (e.g., Mirabel et al. 2011; Fragos et al.
2013b; Kaaret 2014). Studies of the metallicity dependence
of ultraluminous X-ray source (ULX) formation and LX/SFR
have demonstrated this effect empirically, and find depen-
dences similar to that expected from the F13a population-
synthesis predictions (e.g., Mapelli et al. 2009, 2010; Basu-
Zych et al. 2013a; Brorby et al. 2014; Douna et al. 2015).
These findings, along with the results presented in this pa-
per, therefore support the idea that XRB emission was en-
hanced in the primordial z >∼ 10 Universe, and could provide
a non-negligible contribution to the heating of the intergalac-
tic medium.

7.2. Implications for the Cosmic X-ray Emissivity and X-ray
Background Contribution

Given the potential for normal-galaxy populations to be
substantial contibutors to heating of the intergalactic medium

Lehmer+	  (2016)	  



Conclusions	  
•  The	  SKA	  will	  transform	  our	  understanding	  of	  the	  Cosmic	  
Dawn,	  providing	  a	  3D	  map	  of	  the	  first	  billion	  years	  of	  our	  
Universe	  

•  The	  Epoch	  of	  X-‐ray	  Hea]ng	  (EoH)	  has	  the	  strongest	  signal	  and	  
is	  easily	  detectable	  
– What	  sources	  drive	  the	  EoH?	  
– What	  are	  their	  proper]es	  /	  SEDs?	  

•  Athena	  will	  allow	  is	  to	  characterize	  local	  popula]ons	  of	  X-‐ray	  
emimng	  galaxies	  (and	  faint	  AGN),	  informing	  our	  models	  of	  
the	  EoH	  

•  Bright	  AGN	  with	  redshiqs	  can	  be	  studied	  with	  21-‐cm	  
tomography,	  informing	  us	  on	  their	  large-‐scale	  feedback	  
effects	  	  

•  For	  more	  details,	  see	  recent	  SKA-‐Athena	  white	  paper:	  
	  Cassano	  et	  al.	  https://arxiv.org/abs/1807.09080	  



Some	  points	  of	  synergy	  
•  Which	  source	  of	  X-‐rays	  drove	  the	  epoch	  of	  hea]ng	  in	  the	  

early	  Universe:	  HMXBs	  vs	  hot	  ISM	  vs	  faint	  AGN	  vs…?	  
Strategy:	  	  -‐	  improving	  on	  the	  soq-‐band	  SEDs	  of	  star-‐forming	  galaxies	  
	   	   	  -‐	  cross-‐correla;ng	  the	  XRB	  with	  21-‐cm	  -‐>	  isola;ng	  the	  cosmic	  origin	  
	   	   	  	   	  of	  the	  unresolved	  XRB-‐low	  

•  What	  is	  the	  large-‐scale	  environment	  of	  high-‐z	  AGN?	  
Strategy:	  	  -‐	  cross-‐correla]ng	  the	  high-‐z	  AGN	  w.	  21-‐cm:	  are	  AGN	  environments	  
	   	   	   	  typically	  over-‐ionized?	  
	   	   	  -‐	  imaging	  high-‐z,	  bright	  AGN	  with	  SKA2-‐low	  


