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Abstract: This study presents the capabilities of the AXIS telescope in estimating redshifts from X-ray
spectra alone (X-ray redshifts, XZs). Through extensive simulations, we establish that AXIS observations
enable reliable XZ estimates for more than 5500 obscured Active Galactic Nuclei (AGN) up to redshift
z ∼ 6 in the proposed deep (5 Ms) and intermediate (300 ks) surveys. Notably, at least 1600 of them
are expected to be in the Compton-Thick regime (log NH/cm−2 ≥ 24), underscoring the pivotal role of
AXIS in sample these elusive objects that continue to be poorly understood. XZs provide an efficient
alternative for optical/infrared faint sources, overcoming the need for time-consuming spectroscopy,
potential limitations of photometric redshifts, and potential issues related to multi-band counterpart
association. This approach will significantly enhance the accuracy of constraints on the X-ray luminosity
function and obscured AGN fractions up to high redshift.
This White Paper is part of a series commissioned for the AXIS Probe Concept Mission; additional AXIS White
Papers can be found at [some url].
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1. Introduction

Redshifts play a crucial role in studying the properties and evolution of active galactic nuclei
(AGN). To determine the redshift of an AGN, the most solid measurements can be obtained through the
spectroscopical identification of optical/near-infrared (ONIR) emission lines. However, spectroscopic
redshift (spec-z) quality relies on good signal-to-noise spectra, which can be resource-intensive in terms of
exposure times, especially for faint and distant AGN. An alternative to spec-zs is computing photometric
redshifts (photo-zs) through spectral energy distribution (SED) fitting. This is a more easily accessible
method, which relies on multi-wavelength observations by comparing object fluxes in different filters.
However, accurate photometric redshifts may be challenging to obtain for AGN due to the complex nature
of their SEDs and the limited availability of filters needed to get reliable estimates. This challenge is further
compounded by the potential dilution of the AGN emission by the concurrent galaxy radiation. [e.g.,
22,23].

In the last few years, a relatively new technique based on X-ray spectra has been extensively explored
to determine the redshift of AGN. These redshift estimates (X-ray redshifts, XZs) were successfully
tested for obscured AGN [18,25–27], which may be extremely faint at ONIR wavelengths due to gas and
dust along the line of sight. In contrast, X-ray photons can more easily escape heavy column densities
(log NH/cm−2 > 24, [e.g., 4,26]), providing a valuable alternative for AGN that are challenging to observe
spectroscopically and photometrically. Therefore, XZs offer a complementary approach that does not
require ONIR datasets and avoids the complexities associated with multi-band counterpart associations
[e.g., 24]. However, as with other redshift methods, even XZs rely on the quality of the data. Current X-ray
observatories such as Chandra and XMM-Newton provide excellent spectra on-axis (i.e., in the center of their
field of view), but as we move off-axis the PSF broadens and distorts very quickly, reducing drastically the
quality of the spectra, and therefore negatively affecting the performance of the XZ method. In contrast,
with a stable angular resolution across its entire field of view, the AXIS telescope can capture a large
amount of high-quality spectra within a single pointing, more than ever before. This, coupled with its large
effective area [15,16], makes it the ideal instrument for measuring XZs. In this white paper, we explore the
AXIS capabilities in deriving XZs of obscured AGN in the planned deep (5 Ms) and intermediate (300 ks)
surveys, by focusing on the low photon statistics regime to investigate the limits of this technique.

2. Results

We show the main results of our simulations in this section, while the detailed procedures and
methods are described in Section 4. We applied the method described in [18] to determine the feasibility of
XZs with AXIS. This method provides XZ’s success rate maps as a function of redshifts, number of counts,
and absorption column density (NH). The success rate, or match percentage (MP), is defined as:

MP(cts, z, NH) =
N(z ± ∆z)

Nsim
(1)

This quantity represents the percentage of simulated sources where the spectral fitting was able to retrieve
a redshift that is consistent with the simulated one (as well as for NH and power-law normalizations).
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In other words, MP shows how well XZs can be estimated as a function of redshift, counts, and NH , by
using X-ray spectra alone. It is worth mentioning that MP is also a function of the photon index Γ, but for
commonly accepted values (Γ = 1.9± 0.2, [e.g., 17,20]) the effect on MP is negligible [18]. As a conservative
approach [18,25,27], we rejected estimates where the derived XZ was consistent with the simulated one,
within the errors, but where |∆z| > 0.15(1 + zsim). This also applies when XZ estimates were upper or
lower limits.

In Figure 1 we present the results obtained for a double power-law model with Γ = 1.9, log NH/cm−2

in the range 22-25, and where we included the 6.4 keV Fe Kα emission line (see details in Section 4). From
the three maps, it is clear how increasing levels of absorption can provide more accurate XZ results. The
reason is that XZ estimates are driven by the 6.4 keV Fe Kα emission line and the absorption features
(7.1 keV Fe Kα absorption edge and the photoelectric absorption), which become more prominent with
increasing absorption and therefore more easily identifiable by the spectral fitting [e.g., 9,27]. Other than
highlighting the prominence of the main features in the X-ray spectrum when obscuration increases,
these simulations provide valuable insights into the probability of accurately determining the redshift of
these AGN by analyzing the X-ray spectra alone. We chose a threshold of MP≥ 50% as the likelihood of
obtaining a reliable XZ estimate. [18,19] showed that this threshold is a fair compromise between having a
large enough sample and spectral fit accuracy. In particular, our results show that it is possible to compute
reliable XZs up to z ∼ 9 for log NH/cm−2 = 25 and a number of counts down to ∼ 20. We note that these
numbers are expected to change when other AGN models are used [18,19]. However, as assumed in other
X-ray surveys [e.g., 10,12], our chosen model is a good representation of the overall shape of obscured
AGN. For completeness, we discuss the effects of assuming other models in Appendix B.

Figure 1. Match percentage (MP) maps as a function of redshift and number of counts in the 0.5-10 keV
band, for three log NH bins. In this simulation, we used a double power-law model with the 6.4 keV Fe Kα

emission line and an exposure time of 5 Ms (see details in Section 4). The solid black contours represent MP
= 30, 50, and 70%, respectively.

3. Discussion

AXIS is expected to provide valuable X-ray redshift measurements, enabling in-depth studies of X-ray
obscured AGN populations, especially for those in the Compton-thick (log NH/cm−2 ≥ 24) regime. By
using the most up-to-date simulations for the deep (5 Ms) and intermediate (300 ks) AXIS surveys [13,15,16],
we can predict how many reliable XZs we will be able to estimate. Figure 2 shows our predictions for both
the cases in which the 6.4 keV Kα emission line is included in the model or not. We can estimate reliable
XZs for a number of obscured (log NH/cm−2 > 22) AGN between ∼5500 and 6500, and for between 1600
and 2000 of Compton-thick AGN. Of these, around 6 Compton-thick AGN are in the redshift bin 4 to 6.5.
Furthermore, as shown by Figure 1, with additional observations will be possible to determine XZs even
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at higher redshifts, as long as enough photons will be detected. It is worth noting that our simulated mock
datasets do not assume a redshift-dependent evolution of the log NH/cm−2 > 23 population. However,
numerous observations suggest that as we look at high redshifts, this population could make up as much
as 90% [e.g., 1,21], possibly due to the interstellar medium contribution to the overall absorption [e.g., 8].
As a result, the numbers we present, especially for z > 2, should be considered conservative lower limits.

Our results offer an alternative solution for the redshift determination of X-ray sources. Notably, this
approach circumvents the reliance on the ONIR multi-band counterparts, which is becoming increasingly
challenging with the advent of new data from instruments like the James Webb Space Telescope (JWST),
which offers a superior angular resolution compared to X-rays. As a result, our method will substantially
refine constraints on the X-ray luminosity function (XLF) and obscured AGN fractions up to redshift 6. In
particular, we will be able to determine a solid Comton-thick fraction up to redshift 4 and place constraints
up to z∼6. This holds particular importance as current works show discrepancies in the Compton-thick
fraction even in the local Universe [e.g., 1,21,29] and, at high redshift (z > 4), the use of extrapolations or
XLFs characterized by notable uncertainties is common due to a lack of strong empirical support.

Figure 2. Predicted number of reliable XZs in the combined deep (5 Ms) and intermediate (300 ks) planned
AXIS surveys. The three Venn diagrams show different redshift bins, while the orange and purple circles
show the expected number of XZs for log NH/cm−2 ≥ 22 and 24, respectively. The provided numbers
represent our projections based on a model with the 6.4 keV Kα emission line, while the values within the
parentheses indicate the scenario where no emission line is detected.

4. Materials and Methods

The results shown in Section 2 were obtained using a procedure similar to [18]. All the simulations
were conducted using PyXSPEC v2.1.1 (equivalent to XSPEC v12.13.0 [2]). We adopted a double power-law
model (ZPHABS × ZPOWERLW + ZPOWERLW in XSPEC) with a fixed intrinsic photon index Γ = 1.9 and
a secondary power-law normalization free to vary up to 20% of the primary power-law normalization
(as observed in X-ray surveys [e.g., 19,21]). The Fe Kα emission line was also modeled with a redshifted
Gaussian line (ZGAUSS) at 6.4 keV in the rest frame, with a width of σ = 10 eV. Different line normalizations
were used to obtain a canonical range of rest-frame equivalent widths, between 10 eV and 2 keV, as a
function of NH [e.g., 7,10]. An additional absorption component (PHABS) with a fixed value of NH =

1.8 × 1020 cm−2, corresponding to the average Galactic absorption at high latitude, was added. The free
parameters were the two power-law normalizations, NH , line normalization, and redshift. We discuss the
effects of assuming different models in Appendix B. To reproduce what is observed in intermediate-to-deep
X-ray surveys [e.g., 11,12], we simulated column densities from log NH = 22 to 25 with a step of 0.5,
redshifts up to 9 with a step of 0.5, and different power-law normalizations to obtain a number of net
counts (0.5-10 keV band) up to 150. For each parameter combination, we simulated 200 spectra. The
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simulations are also repeated by excluding the Fe Kα emission line to mimic cases where no line is detected.
The expected background, which comprises both particle (non-X-ray) and astrophysical components, was
properly modeled (see Appendix A for details) and associated with the simulated spectra. The most recent
AXIS responses ARF and RMF were applied. Simulated spectra were binned to a minimum of 1 cts/bin
to avoid empty channels, and Cash statistics [6] was applied. Following [18], after a first fit to assess the
free parameters, the best-fit redshift estimates (XZs) were evaluated using the STEPPAR command. This
allows the evaluation of the possible best-fit solutions by running consecutive fits as a function of one or
more parameters. We ran it as a function of z in the range [0-11], with a step of 0.01. The best-fit XZs were
then determined as the minimum value in the resulting statistical distributions. Finally, the model best-fit
parameters were then compared to the simulated values as described in Section 2. An example of this
procedure is shown in Figure 3.

Figure 3. Predicted unfolded AXIS spectrum for a Compton-thick AGN at z = 4, with log NH/cm−2 = 24,
and log LX/erg s−1 = 43.5. The spectrum (purple points) was simulated assuming a double power-law
model with the secondary power-law normalization as 3% of the primary one (orange curve). The number
of net counts is 146. The inset in the figure shows the result obtained by the STEPPAR command on the
redshift parameter. The minimum marks the best-fit XZ value, which agrees well with the simulated
redshift.

5. Conclusions

We showed in this work how AXIS is poised to make significant contributions to the study of AGN
populations, especially obscured AGN, through accurate X-ray redshift estimations. Our simulations
suggest that AXIS can accurately estimate XZs for obscured AGN up to redshift z ∼ 6 in the planned deep
and intermediate surveys. Specifically, AXIS will be able to obtain X-ray spectra with enough photons to
make XZ estimates for more than 5500 obscured AGN, of which at least ∼1600 in the Compton-thick regime.
Moreover, with additional observations would be possible to determine XZs even at higher redshifts, as
long as enough photons will be detected. This capability will substantially contribute to our comprehension
of the characteristics and evolution of heavily obscured and elusive AGN, which bear critical significance
in population studies. With the presented predictions, our approach will notably improve the accuracy
of XLFs and obscured AGN fractions up to redshift ∼6 and beyond. This advancement will address
critical gaps in our understanding of obscured AGN both locally and at high redshifts (z≳4), where current
discrepancies may be explained by the lack of solid observational evidence that AXIS will, instead, provide.
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Abbreviations

The following abbreviations are used in this manuscript:

AGN Active Galactic Nuclei
XZ X-ray Redshift
MP Match Percentage
NXB Particle background
CXB Cosmic X-ray Background

Appendix A. Background simulation

The expected background combines two main components: astrophysical and particle (NXB)
backgrounds. For the latter, we used an empirical model based on the observed Suzaku XIS1 NXB
spectrum [28], scaled to what is expected for AXIS at low-Earth orbit. It was modeled with a series of
instrumental Gaussian emission lines and three power-law components to mimic the continuum shape.
Since the NXB does not depend on the effective area of the instrument, it was not convolved with the
ARF during the simulations. The astrophysical background is the contribution of the unresolved X-ray
background (CXB) and the Galactic foreground emission (local hot bubble and Milky Way hot halo). To
model its contribution, we used the models provided by [5] and [3], respectively.

Appendix B. Model complexity

An important factor to consider when dealing with low photon statistics is the complexity of the
model used to determine XZs. In general, with low-quality spectra only simple models are used [e.g.,
18,26] as it becomes too challenging to fit the larger number of components present in complex models. In
addition, fixing many parameters to the default values makes the shape of complex models similar to the
simple ones, leading to consistent results but requiring more computational time [e.g., 19]. In this Section
4, we show the results obtained with a double power-law model. [18] show how using a more simple,
single power-law model, and a more complex model such as MYTorus [14], change the results on MP by
no more than ±15%. Given that, we can conclude that assuming simple models for the redshift estimate of
obscured AGN is a reasonable choice. The main spectral features, such as the Fe Kα emission line at 6.4
keV and the main absorption features, are those that drive the XZ estimates and are already included in
these models. Therefore, adding more complexity to the models to derive XZs is not necessary.

Appendix B.1. Iron Kα emission line and absorption features

XZ estimates are driven by a combination of emission (notably the Fe 6.4 keV Kα emission line) and
absorption features (primarily the 7.1 Fe Kα absorption edge and the photoelectric cut-off). However,
in situations of limited photon statistics, the detection of the Fe 6.4 keV Kα emission line is not always
successful [e.g., 12,26]. To account for such scenarios, we run again the simulations without the Gaussian
component. On average, this change resulted in a reduction of approximately ∼10-15% in the MP. This
outcome can be explained by the fact that uncertainties derived from absorption features only can cause
some XZs to not meet the criterion of |∆z| > 0.15(1 + zsim). In fact, despite absorption being the primary
determinant for XZ determination [18,27], the narrower profile of the Fe 6.4 keV Kα feature allows for
smaller errors [18,26]. During the computation of uncertainties, XSPEC evaluates the statistics around
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the best-fit solution, and, consequently, when an emission line is identified the X-ray redshift likelihood
experiences a rapid decline before and after the best-fit value, resulting in smaller uncertainties.
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