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ABSTRACT
We present measurements of the intensity of the cosmic X-ray background (CXB) with the Nuclear Spectroscopic Telescope
Array (NuSTAR) telescope in the 3–20 keV energy range. Our method uses spatial modulation of the CXB signal on the NuSTAR
detectors through the telescope’s side aperture. Based on the NuSTAR observations of selected extragalactic fields with a total
exposure of 7 Ms, we have estimated the CXB 3–20 keV flux to be 2.8 × 10−11 erg s−1 cm−2 deg−2, which is ∼8 per cent higher
than that measured with HEAO-1 and consistent with the INTEGRAL measurement. The inferred CXB spectral shape in the
3–20 keV energy band is consistent with the canonical model of Gruber et al. We demonstrate that the spatially modulated CXB
signal measured by NuSTAR is not contaminated by systematic noise and is limited by photon statistics. The measured relative
scatter of the CXB intensity between different sky directions is compatible with cosmic variance, which opens new possibilities
for studying CXB anisotropy over the whole sky with NuSTAR.

Key words: instrumentation: detectors – methods: data analysis – galaxies: active – cosmic background radiation – X-rays:
general.

1 IN T RO D U C T I O N

The cosmic X-ray background (CXB) has been studied by virtually
all X-ray observatories since its discovery in 1962 by Giacconi et al.
(Giacconi et al. 1962). At low energies (below 10 keV), the bulk
of the CXB has been directly resolved into discrete X-ray sources,
primarily active galactic nuclei (AGNs; e.g. Luo et al. 2017), and
it is widely believed that the CXB is mostly composed of AGNs
also at higher energies. In fact, the Nuclear Spectroscopic Telescope
Array (NuSTAR; Harrison et al. 2013), thanks to its focusing hard
X-ray optics, has recently resolved 33–39 per cent of the CXB in the
8–24 keV energy band (Harrison et al. 2016), i.e. close to the peak of
the CXB spectrum (at ∼30 keV), by measuring AGN number counts
in deep extragalactic fields.

There is great benefit in measuring the intensity and broad-band
spectrum of the CXB as precisely as possible since that would provide
strong constraints on the evolution of the AGN population with
cosmic time and its composition (in particular, the relative fractions
of obscured, unobscured, and beamed sources), complementary to
the information inferred from the statistics of AGNs provided by
deep X-ray surveys (see e.g. Ueda et al. 2014). Moreover, the CXB
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is expected to contain significant contributions of other classes of
extragalactic objects, such as X-ray binaries in normal and starburst
galaxies (e.g. Dijkstra et al. 2012; Lehmer et al. 2016) and even the
seeds of supermassive black holes at cosmic dawn (e.g. Ricarte &
Natarajan 2018).

Apart from global properties of the CXB, there is interest in
studying its variations over the sky, which should carry information
on the large-scale structure of the Universe (e.g. Shafer & Fabian
1983). The expected anisotropy at large angular scales is at a
few per cent level, which presents a big challenge for most X-ray
experiments. Nevertheless, significant angular variations in the CXB
intensity have been unveiled in the HEAO-1 data (e.g. Jahoda et al.
1991; Miyaji et al. 1994) and more confidently in the RXTE data
(Revnivtsev, Molkov & Sazonov 2008). The latter measurement
made it possible to estimate the integrated X-ray emissivity of the
local volume of the Universe (within ∼100 Mpc) and put important
constraints on the populations of relatively faint X-ray sources such
as low-luminosity AGNs. Nevertheless, there is a strong need in
verification and improvement of these measurements.

CXB measurements in the energy range from tens to hundreds of
keV are complicated because the signal recorded by the detector is
often dominated by the internal background, caused by the interac-
tions of charged particles with the detector material and spacecraft
structures. Since CXB radiation is coming from all directions in the
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Table 1. List of the NuSTAR deep extragalactic observations analysed in this work.

Field RA Dec. Area (deg2) Raw exposure Reference

COSMOS 150.2 2.2 1.7 3.1 Ms Civano et al. (2015)
EGS 214.8 52.8 0.18 1.6 Ms Davis et al. (2007)
ECDFS 53.1 − 27.8 0.25 1.5 Ms Mullaney et al. (2015)
UDS 34.4 − 5.1 0.4 1.7 Ms Masini et al. (2018)

sky, i.e. it pervades the full field of view (FOV) of X-ray telescopes, it
is impossible to estimate the local background as in the case of point-
like or slightly extended X-ray sources. The question of dissecting the
observed total X-ray background into particle-induced background
and a CXB contribution is often addressed by modelling the internal
detector background or by modulating the relative contributions of
these two components. The former approach requires that one has a
very good model of the internal background. The latter one is often
more effective, because modulating methods are usually carried out
by geometric design, and as a result, better determined.

The 3–80 keV working energy range of NuSTAR makes it possible
to study the CXB at its intensity peak. On the other hand, the open
geometry of the mast that separates the NuSTAR X-ray optics from
the detectors allows any X-ray radiation, including the CXB, to shine
directly on the detectors (Madsen et al. 2017a). This issue, known
as stray light or aperture flux (the light not focused by the optics)
not only greatly complicates the observations of X-ray sources (e.g.
Krivonos et al. 2014; Mori et al. 2015; Zhang et al. 2015; Fornasini
et al. 2017; Perez et al. 2017; Tsuji et al. 2019), but also opens a
possibility to study the CXB integrated emission.

As mentioned above, both detector background modelling and
signal modulation can be used for CXB measurements. Wik et al.
(2014) have developed a sophisticated spectral background model
for the NuSTAR detectors, which has been successfully used in many
relevant studies (e.g. Arévalo et al. 2014; Gastaldello et al. 2015;
Harrison et al. 2016; Hamaguchi et al. 2018). However, the usage of
the NuSTAR background model for CXB measurements is compli-
cated by many factors like overabundance of model parameters (more
than a hundred for one detector, mainly needed for modelling a large
number of instrumental emission lines), periodic activation by South
Atlantic Anomaly (SAA) passages, poorly investigated and variable
emission component from the Sun (and potentially Earth’s albedo),
long-term variations due to energetic particles in the radiation belts
during periods of high solar activity (Miyoshi et al. 2004), etc.

The purpose of this study is to measure the CXB intensity using
data from the NuSTAR extragalactic survey programme, taking
advantage of deep observations of selected extragalactic fields. To
overcome the aforementioned difficulties, we take a CXB modulation
approach and use the fact that the CXB produces a well-determined
spatial gradient on the NuSTAR detectors. We treat all instrumental
uncertainties as a single uniform detector component in contrast to the
CXB spatially modulated background component. This allows us to
make robust measurements of the CXB intensity in spectral bins up to
20 keV. At higher energies, NuSTAR background modelling becomes
complicated, because instrumental background starts to dominate
(Wik et al. 2014) and the contribution of Earth’s hard X-ray emission,
associated with the reflection of the CXB and cosmic ray interactions,
becomes significant (Sazonov et al. 2007; Churazov et al. 2008).

2 O BSERVATIONS AND DATA PROCESSING

We use data from the NuSTAR extragalactic survey programme,
which includes a number of well-known fields (Table 1) with different

sky coverage and depth: a shallow, wide-area survey of the COSMic
Evolutionary Survey field (COSMOS; Civano et al. 2015), a deep,
pencil-beam survey of the Extended Chandra Deep Field-South
(ECDFS; Mullaney et al. 2015), observations of the Extended Groth
Strip (EGS; Davis et al. 2007), and observations of the UKIDSS
Ultra Deep Survey (UDS; Masini et al. 2018).

NuSTAR has two identical co-aligned telescopes, each consisting
of an independent set of X-ray mirrors and a focal-plane detector,
referred to as focal plane modules A and B (FPMA and FPMB). The
optics are based on the grazing incidence conical approximation
Wolter I design, where incoming X-ray photons are focused by
reflection from upper and lower cones. The FOV for these ‘two-
bounce’ photons, determined by the detector dimensions, is ∼13
arcmin × 13 arcmin. Each focal plane module is composed of four
32 × 32 solid-state pixel detector arrays (or ‘chips’, referred to as
DET0, DET1, DET2, and DET3). Each detector pixel has a size of
0.6 mm. The NuSTAR CdZnTe sensors provide a minimum detector
threshold of 1.6–2 keV and ability to register X-ray photons up to
∼160 keV (Rana et al. 2009; Kitaguchi et al. 2011; Grefenstette et al.
2017). Note that the NuSTAR mirrors’ collecting area is limited by
the PT K-edge at 78.4 keV. The response across a given FPM detector
is largely uniform. However, during ground-based characterization,
Rana et al. (2009) reported on non-uniformity of the detector pixel
arrays at a level larger than statistical fluctuations (see also Bhalerao
2012). Based on our experience with in-flight NuSTAR data, the
relative per-chip internal background count rate can be different by
5–10 per cent with respect to the mean level (except FPMA/DET3
with a ∼20 per cent deviation), probably due to the different thickness
of the chips.

Initial data reduction was performed with the NuSTAR Data Anal-
ysis Software pipeline (NUSTARDAS) v1.8.0. To reduce background
uncertainties, we used the general NuSTAR data processing routine
nupipeline with flags SAAMODE=STRICT and TENTACLE=yes,
which removed all data from passages through the SAA. In addition
to the normal NuSTAR observing scientific mode (hereafter SCI),
when aspect solution is available from the onboard star tracker
located on the X-ray optics bench (Camera Head Unit #4, CHU4;
see e.g. The NuSTAR Data Analysis Software Guide1 for details), i.e.
when CHU4 is not shielded by Earth, we also extracted cleaned
events in occultation mode, when the FOV is blocked by Earth
(hereafter OCC). Note that the optical axis is always pointed at the
target position, even during Earth occultation periods.

We then checked the light curves for FPMA and FPMB produced
from the cleaned events, and excluded observations with a 3–10 keV
count rate higher than 0.17 counts s−1, as a tracer of increased
background due to increased solar activity. Using this condition,
we reduced the data set for each extragalactic field as follows.
From the list of 125 COSMOS observations, we removed 28 (003,
019, 020, 021, 022, 055, 056, 057, 058, 067, 076, 081, 083, 084,
087, 088, 089, 090, 091, 092, 093, 096, 097, 110, 111, 117, 119,

1https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar swguide.pdf
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Table 2. Data sets used in the analysis.

ID Field Begin End Texp

1 COSMOS EP1 26-12-2012 20-01-2013 750 ks
2 COSMOS EP2 03-04-2013 21-05-2013 630 ks
3 COSMOS EP3 03-12-2013 25-02-2014 1020 ks
4 EGS 15-11-2013 27-11-2014 1.5 Ms
5 ECDFS 28-09-2012 01-04-2013 1.4 Ms
6 UDS 24-01-2016 18-11-2016 1.7 Ms

and 120), leaving 97 observations with a total cleaned exposure
time of 2.4 Ms. Two observations (60022011002 and 60022003001)
were removed from the ECDFS field, and, additionally, observation
60022001001 was excluded because of low exposure (700 s), leaving
31 clean observations with a total exposure of 1.4 Ms. For the
EGS field with 32 observations in total, we excluded 60023007005
and 60023008003, leaving 30 observations with a total exposure of
1.5 Ms. The UDS field has no observations exceeding the filtering
threshold, so that all 35 observations with a total exposure of 1.7 Ms
were used in the analysis.

The COSMOS field has the deepest exposure and longest duration
in time, from 2012 December to 2014 February. To minimize possible
influence of long-term background variations on the analysis, we
divided the COSMOS observations into three epochs: COSMOS EP1
from 2012 Decemebr 26 to 2013 January 20 (750 ks); COSMOS EP2
from 2013 April 3 to 2013 May 21 (630 ks), and COSMOS EP3 from
2013 December 3 to 2014 February 25 (1020 ks). The resulting six
clean data sets used in the subsequent analysis are listed in Table 2,
where also their numbering from 1 to 6 is introduced.

Instead of building telescope images in sky coordinates, as is
usually done in treating focused NuSTAR observations, in this work
we use the detector coordinate system, which is native for stray-
light observations (Madsen et al. 2017b). In the following, we
consider each NuSTAR image in RAW detector coordinates as a
default (however, in contrast to Madsen et al. 2017b, who use
DET1), unless otherwise stated. Note that stray-light studies can
be carried out both in DET1 and RAW coordinates. The former
naturally account for spatial non-uniformities in the pixel response.
However, we found that our fitting procedure is more stable in bigger
RAW pixels, as having more counts, which is especially important in
narrow energy bands. For this reason, we used RAW detector pixels
taking, at the same time, the calibrated pixel response into account.
We generated FPMA and FPMB images by combining subdetector
32 × 32 coordinates (RAWX, RAWY) into 64 × 64 arrays. The
images were generated in 20 energy intervals logarithmically spaced
between 3 and 20 keV. Note that we did not subtract the contribution
from detected point sources, treating them as part of the CXB.
However, we checked that their total flux is negligible compared
to the observed detector count rate. We should also note that the
detected sources are effectively averaged in detector coordinates,
and do not produce any significant spatial variations.

3 C X B M O D E L

The canonical CXB spectrum is based on the HEAO-1 data
parametrized by Gruber et al. (1999) in a broad energy range. We
adopt the analytical approximation for the 3–60 keV range from
Gruber et al. (1999), as it covers the NuSTAR energy band (3–20 keV)
studied in this paper:

SG99
CXB(E) = 7.877E−0.29e−E/41.13. (1)

We have rescaled SG99
CXB, originally given by Gruber et al. (1999) in

units of keV/keV cm−2 s−1 sr−1, to keV/keV cm−2 s−1 deg−2 as
more convenient for our analysis, and constructed the corresponding
XSPEC model for spectral fitting.

Churazov et al. (2007) reported on a 10 per cent higher CXB
normalization using special Earth occultation observations by IN-
TEGRAL (see also Türler et al. 2010). We use both Gruber et al.
(1999) and Churazov et al. (2007) as reference CXB measurements
in this work. Additionally, we compare our results with RXTE
measurements of the CXB, performed in the same energy band of
3–20 keV by Revnivtsev et al. (2003).

4 D E T E C TO R BAC K G RO U N D M O D E L

The detector background of NuSTAR is investigated in the papers
(Wik et al. 2014; Madsen et al. 2017a) and can be summarized as
follows. At any given time, the detector count rate of the NuSTAR
FPMA and FPMB consists of:

(i) CXB;
(ii) emission from point-like and extended X-ray sources;
(iii) Galactic ridge X-ray background, if the telescope’s FOV is

directed toward the Galactic plane;
(iv) detector internal background.

Astrophysical sources of X-ray emission (the first three items on
the list) can be registered by the NuSTAR focal plane detectors in two
ways: through the mirror optics, i.e. focused X-rays, and directly
from the telescope’s sides at 1–4 deg away from the optical axis,
which is usually referred to as stray-light or aperture flux (Madsen
et al. 2017a). The detector background count rate in the 3–20 keV
band is dominated by the aperture CXB (aCXB), which exceeds
the focused CXB (fCXB) by almost an order of magnitude (Wik
et al. 2014). The aCXB component is clearly visible on the FPMA
and FPMB detectors as strong spatial variations. The reason for the
spatial variation that manifests as a ramp is the uneven shadowing of
the optical bench on to the focal plane bench. Fig. 1 shows stacked
FPMA and FPMB images based on all cleaned COSMOS SCI data
with a total exposure of 2.4 Ms in the 3–20 keV energy band. Both
FPMA and FPMB images demonstrate strong spatial gradient.

Internal detector background is produced by various processes
including activation of different elements of the spacecraft and
interaction of the detector material with cosmic rays. The background
model is characterized by a number of known emission lines and
a continuum parametrized by a broken power law with Ebreak =
124 keV (Wik et al. 2014). There is also a background component
at low energies E < 5 keV, presumably associated with the scattered
X-ray emission from the Sun, and modelled by Wik et al. (2014) with
a ∼1 keV collisionally ionized plasma (APEC model in XSPEC; Smith
et al. 2001). However, this model provides a poor fit to the observed
background spectrum, demonstrating a clear excess in the 5–10 keV
energy range, as reported by a number of authors (Ng et al. 2019;
Perez, Krivonos & Wik 2019; Roach et al. 2020), who replaced the
APEC model with a power law. In the current spatial analysis, we first
attribute this spectral component to a flat instrumental background,
allowing it to manifest itself in the residuals.

Each detector pixel is open to the sky at different solid angles,
ranging from ∼0.2 to ∼9 deg2, as shown in Fig. 2. In addition to
varying solid angle, each pixel sees a slightly different portion of the
sky with respect to the other pixels; the combined stray-light aperture
FOV is shown, e.g. in fig. 9 of Wik et al. (2014).

The background model developed in this work contains essentially
two basic components:

MNRAS 502, 3966–3975 (2021)
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NuSTAR CXB measurement 3969

Figure 1. NuSTAR FPMA (left) and FPMB (right) 3–20 keV stacked images of the COSMOS field in detector coordinates. The image demonstrates the total
counts registered in each detector pixel during the exposure time of 2.4 Ms. The square root colour map ranges from 50 to 250 counts per pixel.

Figure 2. Image of the NuSTAR FPMA (left) and FPMB (right) in physical detector pixels, showing the open portion of the sky in squared degrees. The image
also shows detector gaps between detector chips (upper right DET0, upper left DET1, bottom left DET2, and bottom right DET3). The square root colour map
ranges from 0 to 9 deg2 per pixel.

(i) Flat detector background: The total number of counts
in a given pixel is proportional to a nearly flat instrumen-
tal background, which includes internal emission lines and
continuum;

(ii) Spatially variable aperture component: The count rate is
proportional to the open sky solid angle.

The main goal of this study is to separate out the flat and aperture
components and to provide a physical interpretation for the latter. We
naturally expect the aperture component to be dominated by the CXB.
Note that, by design of this model, we neglect the focused CXB and

contribution of point sources. The focused CXB emission is expected
to follow the mirrors’ vignetting response. However, it does not
manifest itself in deep stacked detector images (Fig. 1), which allows
us to disregard this component in the analysis. The contribution of
detected point sources (mostly AGNs) is also negligible and averaged
in detector coordinates.

The method implies maximization of a likelihood function con-
structed in the following way. The probability P to observe Npix

counts in a given pixel is

P = (Nbkg ∗ Mbkg + Napt ∗ Rpix ∗ Adet ∗ ABe ∗ � ∗ �) ∗ T , (2)

MNRAS 502, 3966–3975 (2021)
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3970 R. Krivonos et al.

Figure 3. NuSTAR spectrum of the aperture background component, ob-
tained from the COSMOS EP1 field using SCI data, and its best fit in the
10–20 keV energy range by the CXB model given by equation (1) with free
normalization.

where Nbkg and Napt are unknowns of the model, which represent
the normalization of the flat instrumental and aperture background
component, respectively; Mbkg describes the non-uniformity of the
detector chips and their relative normalization, obtained from OCC
data in the 10–20 keV energy band; Rpix

2 accounts for relative spatial
non-uniformities in the pixel response stored in the NuSTAR CALDB;
the aperture component is subject to the energy-dependent absorption
in the path of the stray light: detector CdZnTe dead layer absorption
(Adet), directly available for each detector chip from the NuSTAR
CALDB, and Beryllium window efficiency in front of the detectors,
ABe, which drops sharply below 10 keV; � = 0.0036 cm2 denotes the
geometric area of the pixel; � represents the aperture FOV of a given
pixel in deg2; T is the total exposure of the individual observation
in seconds. Thus, Nbkg and Napt have units of cnts s−1 pix−1 and
cnts s−1 cm−2 deg−2, respectively.

We use a log-likelihood function to derive the maximum likelihood
estimator of the parameters Nbkg and Napt:

L = −2
∑

i

Npix,i ∗ log P − P − log Npix,i!, (3)

where i runs over the array of pixels (excluding bad pixels) for all
observations of a given extragalactic field. The calculation of the
aperture FOV parameter � for each detector pixel (Fig. 2) is based
on the known structure of the telescope and done with the NUSKYBGD

code (Wik et al. 2014).
We then estimated the Nbkg and Napt parameters by maxi-

mizing L using the AMOEBA numerical optimization algorithm.
We estimated the errors of the best-fitting model parameters by
bootstrapping, applying a large number of simulations (104). This
procedure was performed for each of the 20 energy bands from
3 to 20 keV.

Fig. 3 shows the inferred spectrum of the aperture background
component for the COSMOS EP1 field and the result of its fitting in
the 10–20 keV energy range by the adopted CXB spectral shape
(equation 1). The inferred normalization is F10−20 keV = (1.35 ±
0.06) × 10−11 erg s−1 cm−2 deg−2, with the cross-normalization
constant between FPMA and FPMB C = 0.98 ± 0.02 and fit statistics
χ2

r /dof = 0.80/12. The estimated flux of the NuSTAR aperture back-
ground component in the 10–20 keV energy band is ∼10 per cent

2This term is not needed when stray-light study is carried out in DET1
coordinates.

higher than that measured by HEAO-1, F10−20 keV = 1.23 × 10−11

erg s−1 cm−2 deg−2 (Gruber et al. 1999), but consistent within
1 per cent with the INTEGRAL measurement, (1.36 ± 0.01 ± 0.04)
× 10−11 erg s−1 cm−2 deg−2 (quoted here are the statistical and
systematic errors; Churazov et al. 2007). This satisfactory agreement
suggests that the observed aperture background component is domi-
nated by the CXB. However, the observed excess at soft energies E
< 10 keV (see Fig. 3) clearly disagrees with the CXB spectral shape,
which is also revealed by poor fit statistics χ2

r /dof = 1.3/38 in the
full 3–20 keV range.

To investigate the spatial distribution of the observed soft excess
across the detector, we constructed FPMA and FPMB images of the
COSMOS field in the 3–5 keV energy band using the observations
when the FOV was blocked by Earth. As seen from Fig. 4, the
NuSTAR OCC images demonstrate a significant spatial gradient
consistent with that of the CXB in the SCI data (hereafter, we refer to
the aperture components apparent in the SCI 3–20 keV and OCC 3–
5 keV data as aSCI and aOCC, respectively). This allows us to apply
the same background model to the OCC data in order to extract
spectrum of the aOCC component.

Fig. 5 shows the spectrum obtained from the COSMOS EP1 OCC
data with a total exposure of 1.6 Ms. The spectrum demonstrates
a significant soft excess and a shallow continuum. The spectrum
can be approximated by a broken power law with the following
best-fitting parameters: �1 = 5 ± 1, �2 = 0.9 ± 0.3, and Ebr =
4.8 ± 0.9 keV at poor, but acceptable fit statistics χ2

r /dof = 1.3/35.
The cross-normalization constant between FPMA and FPMB C =
0.54 ± 0.08 reveals a strong difference between the FPMs. This
difference is probably related to the fact that we observe Solar
contribution described below, with different normalizations for both
FPMA and FPMB based on their relative illumination from the
Sun. Note that relative normalization of FPMs is not used in the
following analysis and hence, does not affect main results of this
work.

We found similar spectral shapes of aOCC for all other fields.
The corresponding best-fitting parameters of the spectral analysis
are listed in Table 3. The spectral break Ebr is well fitted at
∼5 keV for all the data sets. The COSMOS EP1-3 observations,
affected by abnormally high background radiation due to solar flares,
demonstrate a steeper soft component (� = 5−7) and a higher 3–
5 keV flux.

As described in Wik et al. (2014), the low-energy background
component is related to solar photons reflected from the back of
the aperture stop, and produces a time-variable signal dependent on
whether or not the observatory is in sunlight. To the best of our
knowledge, at least part of this scattered component, averaged over
different spacecraft orientations, can follow a gradient similar to that
produced by the aperture CXB (see also Section 5.2.3). In the current
analysis, we detect a spatial low-energy component in OCC data and
a strong excess in SCI data at the same energies. The question whether
these components have the same origin needs further investigation,
which is beyond the scope of this study and will be addressed in
future work. For the current analysis, we fix the spectral shape of
the aOCC component at E < 5 keV and apply it to the spectrum of
aSCI with free normalization, similarly to the spectral analysis of the
NuSTAR background in Perez et al. (2019) and Roach et al. (2020).
Fig. 6 shows the resulting spectrum of the aSCI component for the
COSMOS EP1 data. Compared to Fig. 3, the spectrum demonstrates
good agreement with the canonical CXB model (equation 1),
showing no strong soft excess in the residuals. The fit statistics is
χ2

r /dof = 1.2/36 compared to χ2
r /dof = 1.3/38 without the low-energy

component.
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NuSTAR CXB measurement 3971

Figure 4. NuSTAR FPMA (left) and FPMB (right) 3–5 keV stacked images of the COSMOS field in detector coordinates, accumulated during Earth occultation
(OCC data). The images demonstrate the total counts registered in each detector pixel during the exposure time of 1.6 Ms. The square root colour map ranges
from 10 to 70 counts per pixel.

Figure 5. NuSTAR spectrum of the aperture background component obtained
from the COSMOS EP1 field using Earth occultation (OCC) data, and fitted
by a broken power law with �1 = 5.2+1.4

−1.2, �2 = 0.8 ± 0.3, and Ebreak =
4.8+0.9

−0.5 keV.

Table 3. Best-fitting parameters of the broken power-law model applied to
the OCC data in the different data sets (Table 2). The 3–5 keV flux F3–5 keV

is expressed in units of 10−12 erg s−1 cm−2 deg−2.

ID �1 Ebr �2 F3–5 keV Const. χ2
r /dof

keV 10−1

1 5 ± 1 4.8 ± 0.9 0.9 ± 0.3 1.3 ± 0.2 5.4 ± 0.8 1.3/35
2 6 ± 1 4.6 ± 0.6 0.9 ± 0.3 1.4 ± 0.2 5.5 ± 0.7 1.1/35
3 7 ± 1 4.4 ± 0.4 1.3 ± 0.2 1.8 ± 0.1 6.3 ± 0.6 1.9/35
4 4+2

−1 5.3 ± 1.0 0.9+0.3
−0.7 0.8 ± 0.1 6.6 ± 1.0 1.4/35

5 4 ± 1 5.3 ± 0.7 0.8 ± 0.2 0.8 ± 0.1 6.4 ± 0.7 1.1/35
6 3 ± 1 5.1 ± 0.7 0.6 ± 0.2 0.7 ± 0.1 6.2 ± 0.6 1.5/35

Figure 6. NuSTAR spectrum of the aperture background component obtained
from the COSMOS EP1 field using the SCI data and corrected for the low-
energy excess. The model is fitted in the 3–20 keV energy range.

5 R ESULTS

5.1 CXB flux in the 3–20 keV energy band

We then applied spectral fitting with the model consisting of the
CXB component (equation 1) and a soft low-energy power-law
component, both with free normalization as described above, to
all the data sets. The normalization of the CXB component was
estimated with the CFLUX command in XSPEC within the 3–20 keV
energy range. As shown in Fig. 7, the spectral fitting residuals do
not strongly deviate from the best-fitting model for any of the data
sets. Table 4 presents the best-fitting CXB normalization, errors at
the 90 per cent confidence level, and corresponding fit statistics. It
can be seen that the CXB flux in the 3–20 keV band is measured at
high significance S/N = 50σ−70σ . The fit quality is good, except
for data set #3 when it reaches a marginally accepted level of
χ2

r /dof = 1.8/18.
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Figure 7. Spectral residuals of the aperture background component after sub-
tracting the best-fitting model consisting of the CXB component (equation 1)
and the low-energy power-law component, both with free normalization.

Table 4. Measured 3–20 keV CXB flux and fit statistics for each data set.
The flux is given in units of 10−11erg s−1 cm−2 deg−2. The uncertainties
are quoted at the 90 per cent confidence level.

ID FPMA FPMB
F CXB

3−20 keV χ2
r /dof F CXB

3−20 keV χ2
r /dof

1 2.82 ± 0.06 1.3/18 2.85 ± 0.05 1.2/18
2 2.78 ± 0.06 0.8/18 2.89 ± 0.05 0.5/18
3 2.89 ± 0.05 0.7/18 2.85 ± 0.04 1.8/18
4 2.68 ± 0.05 1.2/18 2.70 ± 0.04 1.4/18
5 2.81 ± 0.05 0.9/18 2.71 ± 0.04 0.7/18
6 2.89 ± 0.05 1.1/18 2.89 ± 0.04 0.8/18

As shown in Fig. 8, the estimated CXB flux is largely consistent
between independent FPMA and FPMB measurements, as it should
be given that both modules observe related sky regions. This
demonstrates high efficiency of the applied method for the two
NuSTAR modules with significantly different CXB spatial gradients.
The different COSMOS epochs also show a consistent CXB flux,
which further demonstrates reliability of the procedure.

In Fig. 8, we also compare the NuSTAR result with the canonical
HEAO-1 (Gruber et al. 1999) result and with more recent CXB
measurements by RXTE (Revnivtsev et al. 2003) and INTEGRAL
(Churazov et al. 2007). It is important to note that the RXTE result
was obtained assuming a 8 per cent higher flux of the Crab nebula than
adopted in the INTEGRAL work, which directly translates into the
normalization of the CXB flux (Churazov et al. 2007). After applying
this scaling factor to the RXTE measurement shown in Fig. 8, it
becomes consistent with the INTEGRAL one within 1 per cent.

The NuSTAR result is consistent with the INTEGRAL measure-
ment, 2.88 × 10−11 erg s−1 cm−2 deg−2, which is 10 per cent
higher than the HEAO-1 one, 2.61 × 10−11 erg s−1 cm−2

Figure 8. NuSTAR measurements of the CXB flux with FPMA (red) and
FPMB (blue) in the 3–20 keV band for individual data sets 1–6 (Table 2). The
square points at ID = 7 show the weighted average over all the data sets. The
flux is expressed in units of 10−11 erg s−1 cm−2 deg−2. The dashed lines show
the CXB 3–20 keV fluxes measured by HEAO-1 (Gruber et al. 1999), RXTE
(Revnivtsev et al. 2003), and INTEGRAL (Churazov et al. 2007). Note that
the RXTE and INTEGRAL measurements become consistent with each other
if corrected to the same spectral model for the Crab Nebula. The shaded areas
show the statistical uncertainties for the RXTE and INTEGRAL measurements;
the region between the dotted lines denotes the combined statistical and
systematic uncertainty of the INTEGRAL measurement (Churazov et al.
2007).

Figure 9. Ratio of the CXB 3–20 keV flux measurements in the individ-
ual NuSTAR data sets to the combined FPMA/FPMB mean F

AB,all
3−20 keV =

(2.81 ± 0.02) × 10−11 erg s−1 cm−2 deg−2. The shaded area denotes the
statistical uncertainty of 0.7 per cent and the dotted lines show the rms scatter
of 2.8 per cent.

deg−2. The average CXB flux over all the NuSTAR data sets
is F A

3−20 keV = (2.814 ± 0.022) × 10−11 erg s−1 cm−2 deg−2 and
F B

3−20 keV = (2.806 ± 0.018) × 10−11 erg s−1 cm−2 deg−2 for FPMA
and FPMB, respectively. The combined (FPMA and FPMB) NuSTAR
result for all the data sets combined and for the COSMOS field only
is F

AB,all
3−20 keV = (2.810 ± 0.020) × 10−11 and F

AB,COSMOS
3−20 keV = (2.860 ±

0.026) × 10−11 erg s−1 cm−2 deg−2, respectively.

5.2 Flux variations and uncertainties

Fig. 9 shows the ratio of the NuSTAR CXB flux measurements for the
individual data sets to the mean flux F

AB,all
3−20 keV. The relative statistical

68 per cent uncertainty for the combined data set is 0.7 per cent.
For comparison, the root-mean-square (rms) scatter of the individual
measurements is 2.8 per cent. The corresponding numbers for the
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COSMOS field only are 0.9 per cent and 1.6 per cent, respectively.
Therefore, taking all the data sets into account, the statistical error is
less than the rms scatter by a factor of ∼4, whereas for the COSMOS
field only, the statistical error is consistent with the data scatter
within a factor of ∼2. This suggests that the 1.6 per cent rms scatter
in the COSMOS field is largely caused by statistical noise rather
than by systematical uncertainties in the applied method, while the
2.8 per cent rms scatter for the overall data set may be partially or
predominantly associated with CXB variance, expected to play a role
when dealing with observations in different directions over the sky.

5.2.1 Cosmic variance

Since the CXB is the summed emission of unresolved extragalactic
sources (AGNs), its intensity in a given direction is subject to Poisson
variations in the number of sources, intrinsic source variability, and
nearby large-scale structure (Fabian & Barcons 1992).

To estimate the expected level of CXB variations between the
different sky fields observed by NuSTAR, we can use the INTEGRAL
extragalactic log N–log S relation from Krivonos et al. (2010), con-
verted from 17–60 to 3–20 keV assuming a power-law spectrum with
a slope of 1.8. Following Revnivtsev et al. (2008), we estimate the
relative uncertainty of the CXB flux in the 3–20 keV band as(

δICXB

ICXB

)
�

∼ 5.45 × 10−2S
1/4
max,11�

−1/2
deg , (4)

where Smax,11 is the maximum flux of undetected sources in units of
10−11 erg s−1 cm−2, and �deg ≈ 5 is the average solid angle of the
NuSTAR detector pixels.

Based on our NuSTAR measurements and that by INTEGRAL
(Churazov et al. 2007), we can adopt the mean CXB intensity to
be (2.8−2.9) × 10−11 erg s−1 cm−2 deg−2. Using a conservative
threshold of 1 mCrab3 for sources that are capable to produce a
significant stray-light pattern on the NuSTAR detectors, equation (4)
yields a CXB variance ∼3 per cent.

We conclude that the expected CXB intensity variance for the
NuSTAR aperture is compatible with that actually measured by
NuSTAR between different sky fields (2.8 per cent).

5.2.2 Geometric telescope model

Our method makes use of the solid angle subtended by the open
portion of the sky for a given pixel (� in equation 2), which comes
from the knowledge of the geometric model of the telescope, imple-
mented in NUSKYBGD code (Wik et al. 2014). The CAD (computer-
aided design) model of the instrument, which includes the relative
location of the optics bench, aperture stops, and detectors, was
successfully used by many NuSTAR stray-light studies of individual
X-ray sources (Krivonos et al. 2014; Mori et al. 2015; Madsen et al.
2017b; Grefenstette et al. 2021) and diffuse emission (Perez et al.
2019). However, the geometric model is not fully calibrated with
respect to the relative motion of the optical bench and the focal
plane because of the non-rigid mast. The motion of the mast causes
a floating shadow of the optical bench on the detector plane. The
current analysis assumes a fixed mast of the telescope, which should
be largely correct for long exposures on the average. We expect
that measured CXB fluxes may change at a per cent level after the

3A flux of 1 mCrab in the 3–20 keV energy band corresponds to
2.5 × 10−11 erg s−1 cm−2 for a source with a Crab-like spectrum.

motion of the telescope’s mast will have been fully calibrated (see
e.g. Forster et al. 2016).

5.2.3 Backscattered CXB emission

As shown in Section 4, the spectrum of the aperture component seen
in the Earth occulted data (Fig. 5) is well approximated by a broken
power law with Ebr � 5 keV. The low-energy (E < 5 keV) component
with steep �1 � 5–7 is related to the solar emission reflected from
the back of the aperture stops, whose spatial gradient averaged over
different telescope orientations to the Sun is similar to that produced
by the aperture CXB. Apart from the soft solar component, the Earth
occulted data also show a CXB-like component at E > 5 keV, but
with a harder spectral slope of �2 � 1. This additional high-energy
component can be partially attributed to CXB emission reflected
from the aperture stops (hereafter referred to as the ‘backscattered’
CXB). If such a backscattered CXB component were also present
in direct (on-sky) CXB measurements, it could introduce a positive
bias up to ∼10 per cent, estimated as the ratio of the 10–20 keV flux
of the occulted spectrum (Fig. 5) to the 10–20 keV flux of the on-sky
CXB aperture (Fig. 3). The fact that direct aperture and backscattered
CXB emission produce similar detector gradients makes it difficult
to distinguish them from each other.

In this work, we assume that backscattered CXB is effectively
suppressed in on-sky observations, since Earth blocks the CXB from
the back of the telescope. As proof that the backscattered CXB
contribution has a minimal effect, Perez et al. (2019) presented
a study of the Galactic Bulge Diffuse Emission (GBDE) using
NuSTAR’s stray-light aperture. The authors measured the absolute
3–20 keV flux of the GBDE, which, if converted to luminosity
per stellar mass, L3−20 keV/M ≈ (3.4 ± 0.3) × 1027 erg s−1 M−1

� , is
in good agreement with the measurement by RXTE in the bulge
and ridge, L3−20 keV/M ≈ (3.5 ± 0.5) × 1027 erg s−1 M−1

� (Revnivt-
sev et al. 2006; Revnivtsev & Molkov 2012). We conclude that
the contribution of the backscattered CXB emission should not
significantly bias our measurements. However, this question needs
to be addressed in more detail, which will be done in future work.

5.3 Average CXB spectrum

Fig. 10 shows the average spectrum in the 3–20 keV energy band,
obtained by stacking the CXB spectra obtained by both FPMA
and FPMB for all the data sets. The low-energy component was
subtracted from each individual spectrum before stacking.

We first approximated the average spectrum by a simple power-
law model, which gave bad fit statistics χ2

r /dof = 4.5/18 with � �
1.5. The residuals show a strong spectrum curvature, as seen from
the second panel in Fig. 10. The fit by a canonical CXB spectral
shape (equation 1) provides much better quality χ2

r /dof = 1.6/19. The
estimated 3–20 keV flux is F3−20 keV = (2.81 ± 0.01) × 10−11 erg s−1

cm−2 deg−2, consistent with our previous results presented in
Section 5.

We conclude that the quality of the stacked 3–20 keV spectrum
allows the spectral model to ‘feel’ the high-energy rollover in the
CXB spectrum at �30 keV. To check this, we let the energy folding
parameter (fixed at Efold = 41.13 keV so far) in equation (1) to vary.
This gave somewhat worse fit statistics χ2

r /dof = 1.7/18, however,
with Efold = 42.2 ± 1.7 keV compatible with Gruber et al. (1999).
Note that the worsening of the fit is mainly caused by a single
outlier data point at E � 20 keV, and limiting the fit to E < 18 keV
provides acceptable fit statistics χ2

r � 1.0. Thawing in addition the
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Figure 10. Summed NuSTAR CXB spectrum, averaged over all data sets
and combining FPMA and FPMB. The middle and bottom panels show,
respectively, the residuals for a power-law model with � � 1.5 and for the
canonical CXB spectral model (equation 1) with free normalization.

� parameter in equation (1) gives better fit quality χ2
r /dof = 1.5/17,

however, at the price of a weaker constraint on the energy folding
parameter: Efold = 54.4+15.5

−9.9 keV. This reflects the obvious fact that
the data below 20 keV cannot well constrain the CXB spectral shape
at higher energies.

6 C O N C L U S I O N S

We have demonstrated that using the well-known spatial modulation
of the CXB flux on the NuSTAR focal plane detectors, it is possible
to measure the spectrum of the CXB in the 3–20 keV energy range.
The presented method allows one to significantly detect the aperture
CXB intensity up to 20 keV and distinguish it from instrumental
background. The method is model independent in the sense that the
CXB intensity is estimated independently in different energy bins
without using any a priori information. However, at energies E <

5 keV we had to apply a correction for excess soft energy emission,
calibrated on Earth occultation data, probably associated with the
scattered emission from the Sun and producing a spatial gradient
resembling that of the CXB.

Based on the NuSTAR observations of four extragalactic fields,
COSMOS, EGS, ECDFS, and UDS, with a total exposure of 7 Ms,
we estimated the CXB 3–20 keV flux at (2.81 ± 0.02) × 10−11 erg s−1

cm−2 deg−2, which is ∼8 per cent higher than that measured with
HEAO-1 (Gruber et al. 1999) but consistent with that measured by
INTEGRAL (Churazov et al. 2007) and by RXTE (after correcting for
the Crab flux normalization; Revnivtsev et al. 2003). The inferred
CXB spectral shape in the 3–20 keV energy band is fully consistent
with the canonical model of Gruber et al. (1999).

The rms scatter of the CXB flux estimates for individual NuSTAR
data sets in the COSMOS field (1.6 per cent) is roughly compatible
with the statistical errors (0.9 per cent) in this field, which indicates
that the applied method is not strongly affected by systematic
uncertainties and is limited mostly by pure statistical noise. The

relative scatter (2.8 per cent) of the CXB intensity in the different
explored sky fields is compatible with the cosmic variance expected
for the NuSTAR stray-light aperture. This opens new possibilities for
studying CXB anisotropy over the whole sky with the NuSTAR data.
For instance, CXB intensity accuracy at� 1 per cent level is required
to detect the CXB variations related to mass concentrations in the
nearby (D < 150 Mpc) Universe, which allows to make an estimate of
the total emissivity of low-luminosity AGNs (Revnivtsev et al. 2008).
It is also of interest to find the distortions and absorption features
arising in the spectrum of the CXB radiation as it passes through
the hot intergalactic gas in galaxy clusters (Grebenev & Sunyaev
2020). Regarding future work, we plan to extend the current analysis
on to the large all-sky ‘serendipitous’ NuSTAR data set with a total
exposure of 20 Ms (Alexander et al. 2013; Lansbury et al. 2017).

This work may be considered a pathfinder to an accurate measure-
ment of the CXB surface brightness in the broader 6–70 keV energy
range, as proposed for the MVN4 experiment (Revnivtsev 2014),
currently being developed at the Space Research Institute (IKI) for
implementation in the Russian segment of the International Space
Station.
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