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Abstract. The Advanced Telescope for High-energy Astrophysics (Athena+) is being proposed to ESA as
the L2 mission (for a launch in 2028) and is specifically designed to answer two of the most pressing questions
for astrophysics in the forthcoming decade: How did ordinary matter assemble into the large scale structures
we see today? and how do black holes grow and shape the Universe? For addressing these two issues, Athena+
will provide transformational capabilities in terms of angular resolution, effective area, spectral resolution,
grasp, that will make it the most powerful X-ray observatory ever flown. Such an observatory, when opened
to the astronomical community, will be used for virtually all classes of astrophysical objects, from high-z
gamma-ray bursts to the closest planets in our solar neighborhood. In this paper, we briefly review the
core science objectives of Athena+, present the science requirements and the foreseen implementation of the
mission, and illustrate its transformational capabilities compared to existing facilities.

Keywords: Accretion, accretion disks – Equation of state – Black hole physics – Techniques: high an-
gular resolution – Techniques: imaging spectroscopy – Techniques: spectroscopic – Telescopes Surveys –
Stars: winds, outflows – ISM: supernova remnants – Galaxy: center – Galaxies: high-redshift – (Galax-
ies:) intergalactic medium – (Galaxies:) quasars: general – (Galaxies:) quasars: supermassive black holes –
(Cosmology:) large-scale structure of Universe – (Cosmology:) dark ages, reionization, first stars – X-rays:
binaries – X-rays: galaxies – X-rays: galaxies: clusters – X-rays: general – X-rays: ISM – X-rays: stars

1 Athena+ science objectives: The Hot and Energetic Universe

How did ordinary matter assemble into the large scale structures we see today? To answer this question we
must trace the physical evolution of galaxy clusters and groups, as the most massive structures in the Universe,
from their formation epoch to the present day. These structures grow over cosmic time by accretion of gas from
the intergalactic medium, with the endpoint of their evolution being todays massive clusters of galaxies, the
largest bound structures in the Universe. Hot gas in clusters, groups and the intergalactic medium dominates
the baryonic content of the local Universe, so understanding how this component forms and evolves is a crucial
goal (Nandra et al. 2013).

Fig. 1. Simulated Athena+ observations of the Perseus cluster, highlighting the advanced capabilities for revealing the

intricacies of the physical mechanisms at play. The left panel shows a simulated 50 ks X-IFU observation (0.5-7 keV),

displayed on a log scale. The spectrum on the right is from the single 5′′×5′′ region marked by the box, with the existing

Chandra ACIS spectrum for comparison. The inset shows the region around the iron L complex. With such observations

velocity broadening is measured to 10–20 km s−1, the temperature to 1.5% and the metallicity to 3% on scales < 10 kpc

in 20–30 nearby systems, and on < 50 kpc scales in hundreds of clusters and groups. Such measurements will allow us

to pinpoint the locations of jet energy dissipation, determine the total energy stored in bulk motions and weak shocks,

and test models of AGN fueling so as to determine how feedback regulates hot gas cooling (from Croston et al. 2013).

While the framework for the growth of structures is set by the large scale dark matter distribution, processes
of an astrophysical origin also have a major effect (Pointecouteau et al. 2013; Ettori et al. 2013; Croston et al.
2013, and references therein). To understand them, it is necessary to measure the velocities, thermodynamics
and chemical composition of the gas to quantify the importance of non-gravitational heating and turbulence in
the structure assembly process (Pointecouteau et al. 2013; Ettori et al. 2013). The temperature of the hot gas
is such that it emits primarily in the X-ray band, but current and planned facilities do not provide sufficient
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collecting area and spectral resolution to settle the key issue of how ordinary matter forms the large scale
structures that we see today. The key breakthrough is to enable spectroscopic observations of clusters beyond
the local Universe, out to z=1 and beyond, and spatially resolved spectroscopy to map the physical parameters
of bound baryonic structures (Pointecouteau et al. 2013; Ettori et al. 2013). Technological advances in X-ray
optics and instrumentation can deliver simultaneously a factor 10 increase in both telescope throughput and
spatial resolving power for high resolution spectroscopy (Willingale et al. 2013; Barret et al. 2013), allowing the
necessary physical diagnostics to be determined at cosmologically relevant distances for the first time. At even
larger scales, the locations and kinematics of the missing baryons predicted to reside in the warm hot phase of
the intergalactic medium and providing a tracer of the large scale dark matter structures of the local Universe,
can only be fully revealed via high resolution X-ray spectroscopy (Kaastra et al. 2013).

One of the critical processes shaping hot baryon evolution is energy input commonly known as feedback
from supermassive black holes (Croston et al. 2013; Cappi et al. 2013) (see Fig. 1). Remarkably, processes
originating at the scale of the black hole event horizon seem able to influence structures on scales 10 orders of
magnitude larger (Cappi et al. 2013; Dovciak et al. 2013). This feedback is an essential ingredient of galaxy
evolution models, but it is not well understood. X-ray observations are again the key to further progresses,
revealing the mechanisms which generate and launch winds close to black holes and determining the coupling
of the energy and matter flows on larger galactic and cluster scales (Georgakakis et al. 2013; Cappi et al. 2013;
Dovciak et al. 2013).

Fig. 2. Predictions for the redshifts and luminosities of 600,000 AGN that will be identified with a multilayered 1-year

Athena+ WFI survey, compared to current Chandra and XMM-Newton surveys. Athena+ will discover hundreds of X-ray

selected AGN in the epoch of reionization at z > 6, sources which are around 2 orders of magnitude fainter than current

optical and near-IR surveys (e.g. SDSS, UKIDSS), thus providing an essential complement to the luminous QSOs that

Euclid will identify in the next decade (Roche et al. 2012), including in particular the most obscured ones missed by

those surveys (for a discussion see, Aird et al. 2013).

The second key question to be addressed by Athena+ is that of how black holes grow and shape the Universe
(Nandra et al. 2013). The widespread importance of black hole feedback means that we cannot have a complete
understanding of galaxies without tracking the growth of their central supermassive black holes through cosmic
time. A key goal is to push the frontiers of black hole evolution to the redshifts where the first galaxies are
forming, at z = 6 − 10 (Aird et al. 2013; Georgakakis et al. 2013, and references therein). X-ray emission is
the most reliable and complete way of revealing accreting black holes in galaxies, but survey capabilities need
to be improved by a factor ∼ 100 over current facilities to reach these early epochs and perform a census of
black hole growth (Aird et al. 2013) (see Fig. 2). This requires a combination of high sensitivity, which in
turn depends on large throughput and good angular resolution, and wide field of view. Again, the required
technologies to provide this leap in wide field X-ray spectral imaging are now within our grasp (Rau et al.
2013). The same high throughput needed to detect these early black holes will also yield the first detailed X-ray
spectra of accreting black holes at the peak of galaxy growth at z = 1 − 4, measurements which are impossible
with current instrumentation. These spectra will show, for example, if the heavily obscured phase of black hole
evolution is associated with the termination of star formation in galaxies via feedback (Georgakakis et al. 2013).

The Hot and Energetic Universe includes almost all known astrophysical objects, from the closest planets
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to the most distant quasars and gamma-ray bursts. The instrument suite required to achieve the science
goals described above provides Athena+ with unprecedented observatory capabilities, enabling breakthrough
observations to be performed for a wide range of objects, of interest to the whole astronomical community.
This covers Solar system bodies and exoplanets, stars, compact objects , supernova remnants, the interstellar
medium, and luminous extragalactic transients, such as gamma-ray bursts. Key topics to be addressed include:
i) Establish how planetary magnetospheres and exospheres, and comets, respond to the interaction with the
solar wind, in a global way that in situ observations cannot offer (Branduardi-Raymont et al. 2013), ii) assess
the mass loss rates of high velocity chemically-enriched material from massive stars to understand the role they
play in the feedback processes on Galactic scales (Sciortino et al. 2013), iii) discover how mass loss from disk
winds influences the binary evolution and impact the interstellar medium (Motch et al. 2013), iv) understand the
physics of core collapse and type Ia supernova remnants and determine the chemical composition of the hot and
cold gas of the interstellar medium, as a tracer of stellar activity in our and other galaxies (Decourchelle et al.
2013), v) distinguish Population III from Population II star forming regions as gamma-ray burst progenitors
(Jonker et al. 2013).
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Fig. 3. Left: Simulated Athena+ X-IFU spectrum of Jupiter for an exposure time of 20 ks: the wavelength coverage

extends to the 30 – 40 Å band allowing to resolve the C/S ambiguity (from Branduardi-Raymont et al. 2013). Right:

A simulated X-IFU X-ray spectrum of a GRB afterglow at z = 7, showing the capability of Athena+ in tracing the

primordial stellar populations. This medium bright afterglow (fluence=0.4 × 10−6 erg cm−2) is characterized by deep

narrow resonant lines of Fe, Si, S, Ar, Mg, from the ionized gas in the environment of the GRB. An effective column

density of 2 × 1022 cm−2 has been adopted. The abundance pattern measured by Athena+ can distinguish Population

III from Population II star forming regions (from Jonker et al. 2013).

2 The Athena+ mission concept

Athena+ in an X-ray observatory-class mission delivering a transformational leap in high-energy observational
capabilities. A lightweight X-ray telescope based on ESA’s Silicon Pore Optics (SPO) technology provides
large effective area with excellent angular resolution, to be combined with state-of-the-art instrumentation for
spatially resolved high resolution X-ray spectroscopy (provided by the X-ray Integral Field Unit, X-IFU, Barret
et al. 2013) and wide field X-ray imaging (provided by the Wide Field Imager, WFI, Rau et al. 2013). Athena+
will thus deliver superior wide field X-ray imaging spectroscopy and timing capabilities, far beyond those of any
existing or approved future facilities. Mapping the dynamics and chemical composition of hot gas in diffuse
sources requires high spectral resolution imaging (2.5 eV resolution) with low background; this also optimizes
the sensitivity for weak absorption and emission features needed for WHIM studies or for faint point source
characterisation. An angular resolution of 5 arcsec is required to disentangle small structures of clusters and
groups and, in combination with a large area, provides high resolution spectra, even for faint sources. This
angular resolution, combined with the mirror effective area and large field of view (40 arcmin) of the WFI
provides the deep survey area and detection sensitivity (limiting flux of 10−17 erg cm−2 s−1 0.5 − 2 keV band)
required to detect AGN at z > 6 within a reasonable survey time. The science requirements and enabling
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technologies for Athena+ are summarized in Table 1.

Parameter Requirements Enabling technology/comments

Effective Area 2 m2 @ 1 keV (goal 2.5 m2) Silicon Pore Optics developed by
0.25 m2 @ 6 keV (goal 0.3 m2) ESA. Single telescope: 3 m outer

diameter, 12 m fixed focal length.

Angular Resolution 5′′ (goal 3”) on-axis Detailed analysis of error budget
10” at 25’ radius confirms that a performance of 5”

HEW is feasible.

Energy Range 0.3-12 keV Grazing incidence optics.

Instrument Field of View Wide-Field Imager: (WFI): 40’
(goal 50’)

Large area DEPFET Active Pixel
Sensors.

X-ray Integral Field Unit: (X-IFU):
5’ (goal 7’)

Large array of multiplexed Transi-
tion Edge Sensors (TES) with 250
µm pixels.

Spectral Resolution WFI: < 150 eV @ 6 keV Large area DEPFET Active Pixel
Sensors.

X-IFU: 2.5 eV @ 6 keV (goal 1.5 eV
@ 1 keV)

Inner array (10”x10”) optimized for
goal resolution at low energy (50
µm pixels).

Count Rate Capability > 1 Crab (WFI) Central chip for high count rates
without pile-up and with micro-
second time resolution.

10 mCrab, point source (X-IFU) Filters and beam diffuser enable
1 Crab (30% throughput) higher count rate capability with re-

duced spectral resolution.

TOO Response 4 hours (goal 2 hours) for 50% of
time

Slew times < 2 hours feasible; total
response time dependent on ground
system issues.

Table 1. Key parameters and requirements of the Athena+ mission. The enabling technology is indicated.

The strawman Athena+ payload comprises three key elements:

• A single X-ray telescope with a focal length of 12 meters and an unprecedented effective area (2 m2 at
1 keV). The X-ray telescope employs Silicon Pore Optics (SPO), an innovative technology that has been
pioneered in Europe over the last decade mostly with ESA support. SPO is a highly modular concept,
based on a set of compact individual mirror modules, which has an excellent effective area-to-mass ratio
and can achieve high angular resolution (< 5′′) and a flat response across the field of view (Willingale
et al. 2013) (see Fig. 4).

• The X-ray Integral Field Unit (X-IFU), an advanced actively shielded X-ray microcalorimeter spectrometer
for high-resolution imaging, utilizing Transition Edge Sensors cooled to 50 mK (Barret et al. 2013).

• The Wide Field Imager (WFI), a Silicon Active Pixel Sensor camera with a large field of view, high
count-rate capability and moderate resolution spectroscopic capability (Rau et al. 2013).

Athena+ is based on a conventional design retaining much heritage from XMM-Newton. Considerations
of observing efficiency and thermal stability favour an L2 orbit reached by Ariane V. Athena+ will be an
observatory whose program will be largely driven by calls for proposals from the scientific community, but may
be complemented by key programs for science goals requiring large time investments. A nominal mission lifetime
of 5 years would allow the core science goals set out in the White Paper to be achieved, while preserving a large
fraction of the available time for broad based science programs (Nandra et al. 2013).

With such a mission configuration Athena+ will truly provide transformational capabilities, as illustrated
in Fig. 4. It will provide an improvement factor > 100 in high spectral resolution throughput (e.g. compared
to ASTRO-H microcalorimeter and XMM-Newton gratings). It will open high-resolution X-ray spectroscopy
to the high redshift Universe (up to z ∼ 3 without mentioning gamma-ray bursts), while it is currently limited
to redshifts less than ∼ 0.3. It will provide a factor of more than 10 in bare throughput (i.e. area on axis) for
spectral-timing-imaging observations compared to the XMM-Newton PN camera. Thanks to the combination
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of effective area, field of view, angular resolution (and its flatness across the field of view), Athena+ will deliver
an improvement factor larger than 100 in survey speed compared to Chandra (see Fig. 4, lower panels).
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Fig. 4. Top left: Effective area curves for high resolution X-ray spectrometers, operational and planned. Top center:

Lx − z curve for high resolution X-ray spectroscopy, compared to current X-ray gratings. Top right: Effective area

curves for spectral-timing-imaging observations with the XMM-Newton PN camera and the Athena+ wide field imager.

Bottom left: Half Energy Width (arcsec) (PSF variation across the field of view) comparison between existing X-ray

imagers and the Athena+ wide-field imager. Bottom center: Grasp of previous, operational and planned missions as a

function of angular resolution. Grasp is defined as the product of effective area at 1 keV (10 keV for NuSTAR) and the

instrument field of view. Bottom right: Number of sources per logarithmic flux interval expected in single Athena+

WFI pointings at high Galactic latitudes compared to Chandra and XMM-Newton.

3 Conclusions

Athena+ is designed to tackle two of the most pressing questions of modern astrophysics: How did ordinary
matter assemble into the large scale structures we see today? and how do black holes grow and shape the
Universe? Athena+ provides the necessary angular resolution, spectral resolution, throughput, detection sensi-
tivity, and survey grasp to answer these two questions. The technologies for Athena+ are mature, being based
on much previous heritage and major technology developments in Europe. Athena+ as an X-ray observatory,
will open up a vast discovery space leading to completely new areas of scientific investigation, continuing the
legacy of discovery that has characterized X-ray astronomy since its inception. The implementation of Athena+
for launch in 2028 will guarantee a transformation in our understanding of The Hot and Energetic Universe,
and establish European leadership in high-energy astrophysics for the foreseeable future.
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