
Which X-ray Sources Have 
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Are the highest-z X-ray sources 
unusual?
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• To address these questions, we start with 850 micron 
SCUBA-2 observations of the Chandra Deep Fields

• We want such long-wavelength observations, because the 
light at these wavelengths is star formation rather than AGN 
dominated for most sources; the 850 micron fluxes are a 
crude measure of star formation rate (SFR) independent of 
redshift

• Herschel observations are short enough in wavelength that 
they are contaminated by AGN at z>>2
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Figure 1. (Left) 850 µm matched-filter S/N image of the CDF-S region. The more sensitive central region (radius less than

∼ 6′) is dominated by the CV Daisy observations, while the outer region is covered by the PONG-900 observations. (Right)

Positions of the 146 > 4σ detected sources from Section 2.2 (black is < 2.25 mJy; green is 2.25− 5 mJy, and red

is > 5 mJy). The black circle denotes the deep central region where the SCUBA-2 noise is less than 0.56 mJy.

Figure 2. (Left) Azimuthally averaged 850 µm rms noise vs. radius. The more sensitive central region (radius less than

∼ 6′) is dominated by the CV Daisy observations, while the outer region is covered by the PONG-900 observations. The black

dashed horizontal line shows the rms noise corresponding to a 4σ detection threshold of 1.6 mJy, which is approximately the

confusion limit for the JCMT at 850 µm (∼1.65 mJy). (Right) Cumulative area covered vs. 850 µm rms noise.

In the left panel of Figure 1, we show the 850 µm
matched-filter S/N image of the CDF-S made from all
of the observations, including the band 3 data. In the
right panel, we show the positions of the > 4σ
detected sources (see Section 2.2). In Figure 2,
we show the rms noise versus radius (left), as well as
the cumulative area observed below a given rms noise
(right).

2.2. SCUBA-2 Source Catalog Construction

As in Paper I, we generated the source catalogs by
identifying the peak S/N pixel, subtracting this peak
pixel and its surrounding areas using the PSF scaled
and centered on the value and position of that pixel, and
then searching for the next S/N peak. We iterated this
process until we reached a S/N of 3.5. We then limited
the sample to the sources with a S/N above 4, giving

Ultradeep SCUBA-2 850 micron images

Red is >5 mJy
Green is 2.25-5 mJy 
Black is <2.25 mJy

CDF-S  146 > 4s sources
(CDF-N  209 > 4s sources)

Focus on deep central CDF-S:
5.6’ radius (circle)

Cowie+17



Much deeper than previous single-dish surveys
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Figure 3. Comparison of our > 4σ central SCUBA-2 sample (blue solid circles) with (left) the LABOCA 850 µm sample of

Weiß et al. (2009; red circles whose size illustrates the 19.′′2 FWHM PSF) and with (right) the AzTEC 1.1 mm sample of Scott

et al. (2010; golden circles whose size illustrates the 30.′′0 FWHM PSF). In both panels, the green shading shows the central 5.′7

radius region that corresponds to the deepest SCUBA-2 data. Blue open squares show other secure (> 4σ) SCUBA-2 sources

from our full sample (these sources are either fainter than 2.25 mJy, or they lie outside the central region). The black speckled

shading shows the HST ACS GOODS-S region (Giavalisco et al. 2004), and the black solid rectangle shows the GOODS-Herschel

region (Elbaz et al. 2011).

band 7 projects (hereafter, “archival”). We processed
all the ALMA data in a consistent manner.
We centered the BASIC observations on the tar-

geted source positions and used a spectral setup con-
figured with four 1.875 GHz spectral windows (using
time division mode) placed around a central frequency
of 343.5 GHz in order to sample crudely the same 850 µm
continuum as SCUBA-2. This returned a representative
spectral resolution of ∼ 28 km s−1.
The cycle3 program consisted of three complete and

one partially complete executions (hereafter, execu-
tions 1 through 4), with combined integration times
between 2.4 min and 3.2 min for each source. We cal-
ibrated the data and made images using casa version
4.7.0 and the included pipeline. We used source J0522-
3627 as the bandpass calibrator, Ceres and J0334-4008
as the flux calibrators, and J0329-2357 and J0348-2749
as the phase and gain calibrators. We performed manual
flagging in addition to the pipeline processing to remove
outlier baselines and/or antennas. We estimate the final
error in the absolute flux calibration to be ∼ 5%.
After data calibration, we discovered that executions

1 and 2 had worse phase calibration than executions 3
and 4, especially for the targets observed at the begin-
ning of the executions. Execution 1 showed a problem
with the phase calibration that could not be corrected

by the available water vapor radiometer data, resulting
in an observed wandering offset in the positions of the
first several sources when compared to the other three
executions. Execution 2 also showed indications of a
phase calibration problem, but this problem was con-
siderably less severe than for execution 1. Because of
this behavior, for the first six targets observed, we only
used the data corresponding to executions 2 − 4, while
for the rest of the targets, we included all of the available
data.
The cycle4 program consisted of four complete execu-

tions, with a combined integration time of 2.7 min for
each source. We calibrated the data and made images
using casa version 4.7.2 and the corresponding included
pipeline. We used sources J0522-3627 and J0006-0623
as the bandpass calibrators, J0334-4008 as the flux cali-
brator, and J0348-2749 as the phase and gain calibrator.
The cycle4 observations did not show any of the prob-
lems seen in the cycle3 observations.
A nominal natural-weighted beam of 0.′′38 × 0.′′3 was

achieved for the cycle3 observations, while the cycle4 ob-
servations were taken with a slightly more extended an-
tenna configuration, achieving a natural-weighted beam
of 0.′′15× 0.′′1. We combined the visibilities for the fields
that were observed in both cycles using the casa task
concatenate, thereby obtaining a combined beam similar

LABOCA 870 micron:  red circles
Weiss et al. 2009 (ALESS based on this)

AzTEC 1.1mm:  gold circles
Scott et al. 2010

Green = deep Chandra, black shading = CANDELS, black rectangle = GOODS-Herschel



BASIC Survey (Band 7, 870 micron)

• We targeted SCUBA-2 sample (obtained rms on peak fluxes of ~0.13 mJy, 
total area ~ 5 arcmin2, only considered sources within 8.7” radius, which is 
half-power radius of the ALMA primary beam in band 7)

• Natural resolution 0.23”, but generally worked with 0.5” tapered images for 
better integrated fluxes

• Fluxes used are corrected to total using aperture corrections

• We took 15 additional sources from archive

• Total sample of 68 >4.5s ALMA detections in central 5.6’ region 
(simulations show significant number of spurious sources at lower S/N, but 
we do not expect more than 1 contaminating source at this level)

Followup with ALMA (SMA for CDF-N) for precise positions
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Figure 8. (Top left) ALMA-constructed SCUBA-2 image subtracted from the actual SCUBA-2 image. (Top right) ALMA

pointings in the field. (Bottom left) ALMA-constructed SCUBA-2 image. (Bottom right) Actual SCUBA-2 image.

median offset of the individual sources (i.e., the
scatter) is 2.′′2, with a 68% confidence range of
2.′′0 to 2.′′4 for all SCUBA-2 sources with fluxes
≥ 2.25 mJy and a single ALMA counterpart.
The overall percentage of SCUBA-2 sources above

2.25 mJy with multiple ALMA counterparts is 13% (68%
confidence range 7–19%). Here each of the counterparts
has to be above the ALMA 4.5σ detection threshold.
The median 4.5σ detection limit is 1.04 mJy, and 52 of
the 75 sources have limits less than 1.25 mJy. Thus, at
the 2.25 mJy limit, we could detect two roughly equal
sources, while at 3 mJy, we could detect a multiple with
two sources with a 2:1 flux ratio. If the two sources in
Table 2 with SCUBA-2 fluxes ≥ 2.25 mJy, no ALMA
counterpart, and a high noise ALMA image were also
multiples, then this would rise to 16%.

This is a considerably smaller multiplicity than the
30% found in the ALESS followup of the LABOCA sam-
ple (Hodge et al. 2013; Simpson et al. 2015) or the 22%
found by Brisbin et al. (2017) in their ALMA
1.25 mm followup of an AzTEC/ASTE selected
1.1 mm sample in the COSMOS field. In sub-
stantial part, this is due to the smaller SCUBA-
2 beam size compared to the LABOCA and
AzTEC beam sizes. For example, the SCUBA-
2 beam area is 64% of the LABOCA beam area
(LABOCA was on the 12 m APEX telescope). A
smaller beam size will pick up a smaller fraction
of multiples.
However, Stach et al. (2018) find a multiplic-

ity of 44+16
−14% based on a large SCUBA-2 sample

with fluxes above 4 mJy. Thus, there could also

ALMA pointings

SCUBA-2 image

ALMA-based 
image (ALMA 
smoothed 
through 
SCUBA-2 PSF)

SCUBA-2 
minus ALMA; 
nothing extra! 
– SCUBA-2 
finds all the 
submm 
sources at 
>2.5 mJy

How does SCUBA-2 do in finding the submm sources?

Cowie+18



DIRECT ALMA 
SEARCHES (ALL BAND 6 

OR 1.2mm/1.3mm):

Dunlop+17 (3; 4.5 arcmin2) 

Ueda+18 (12; 26 arcmin2)

Franco+18 (16 + 4 that are 
likely false; 69 arcmin2)

Combined (excluding 
overlaps):  22 sources, of 
which we detected 18. 
Remaining 4 from Ueda+18, 
but 2 that are likely false

Mapping large areas with ALMA directly is less efficient

(Observational status prior to our BASIC ALMA program)



GREAT 
ADVANTAGE

Ultradeep 
HST -

B, Z, H
(4” x 4”)

ALMA 
shown by 

white 
contours

To be featured later!



Now consider the CDF-S 7 Ms X-ray image

central 8’ x 8’
0.5-2 keV (red), 2-4 (green), 4-7 (blue)

Luo+17



X-ray sources in CDF-S intensively observed spectroscopically
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Fig. 4.— Distribution of S/N in the submillimeter fluxes of the X-
ray sample (dark shaded region). The red curve shows the expected
distribution in the absence of any submillimeter signal in the X-ray
sample.

limeter flux. The red curve shows the expected distri-
bution in this case. The sources producing most of the
submillimeter flux lie in the very extended tail. This em-
phasises the dangers of using simple stacking analyses on
this type of data where a very small number of sources
dominate the mean and are poorly representative of the
great majority of the sample.

Fig. 5.— Submillimeter EBL produced by the X-ray sample as a
function of 0.5-2 keV flux. The black circles show only the central
region where the X-ray sample is complete to 2× 10−17 erg cm−2

s−1. The blue crosses show the full field to its completeness level
of 1 × 10−16 erg cm−2 s−1 The red line shows the total EBL
background from Fixsen et al (1998).

Finally we look at the contributions to the submil-
limeter extragalactic backround (EBL) from the X-ray
selected sample. In figure we show the contribution from
sources above a given 0.5-2 keV flux. We show the central
region (black circles) where we can probe deeper and the
full area (blue crosses) where the sample is larger. The
contribution to the EBL rises rapidly as a function of X-
ray flux. At the limits of the Chandra 7Ms data about
10% of the submillimeter EBL measured by Fixsen et al.
(1998) is identified by the X-ray sources. Thus most of

the submillimeter light is not identified, which means in
turn that most submillimeter sources do not have X-ray
counterparts at the current X-ray sensitivities.

2.3. Spectroscopic redshifts and spectral classes

Luo et al. (2017) determined the most probable op-
tical/NIR counterparts based on the positional uncer-
tainties of the X-ray sources and the magnitudes of the
counterparts. They then compiled redshifts for the coun-
terparts from the literature. They found 529 of the coun-
terparts in our present sample of 938 sources (56%) had
redshifts which the group measuring the redshift consid-
ered secure. For a small number of objects the X-ray
source lies with the envelope of a bright galaxy but is
significantly separated from the center. Here we assume
the source is associated with the galaxy and assign the
redshift based on that but it is possible the X-ray source
could simply be projected. We use the TENIS Ks mag-
nitudes provided in the Luo et al. catalog.

Fig. 6.— Plot of the Ks magnitude versus the soft X-ray flux.
Objects with a spectral classification are shown in red and without
in blue. The gold stars show the small number of stars in the
sample. The top panel shows the full sample of X-ray sources with
off-axis angles less than 10 arcminutes. The bottom panel shows
those which are detected about the three sigma level at 850 µm.

In the present work we compiled all of the publically
available spectra for these counterparts togther with a
further 292 spectra we had observed ourselves with the

Barger+18

576 of 983 sources 
in 10’ radius have 
spectroscopic 
redshifts, and we 
have assigned them 
optical spectral 
types (red)



ALMA Sample:
Red = specz

Blue = photz (from Hsu+14)
Green = NIR blank

Largest circles are >4 mJy
Medium circles are >2 mJy
Smallest circles are >1 mJy

Source 19

Open squares:  > 2mJy ALMA
Chandra AGN Sample: (>10^43 erg/s)

Purple = BALQSO
Blue = BLAGN
Green = Type 2

Red = other specz
Black = photz (from Hsu+14)



850 micron flux versus X-ray luminosity
Blue = BLAGN, Green = type 2, Purple = BALQSO

X-rays from SF

(Note:  circles show ALMA measurements, crosses show SCUBA-2 measurements)

(z > 1)



A flat relation between mean SFR and X-ray luminosity

The ultradeep Chandra and ALMA 
images let us see the problem 
based on the properties of 
individual sources:  

Odd distribution of submm fluxes 
at any given X-ray luminosity

Stanley+15

Is this misleading? 

(z > 1)



Indeed, the distribution of submm flux from X-ray sources is 
highly skewed – the extended tail dominates the mean SFR 3

Fig. 4.— Distribution of S/N in the submillimeter fluxes of the X-
ray sample (dark shaded region). The red curve shows the expected
distribution in the absence of any submillimeter signal in the X-ray
sample.

limeter flux. The red curve shows the expected distri-
bution in this case. The sources producing most of the
submillimeter flux lie in the very extended tail. This em-
phasises the dangers of using simple stacking analyses on
this type of data where a very small number of sources
dominate the mean and are poorly representative of the
great majority of the sample.

Fig. 5.— Submillimeter EBL produced by the X-ray sample as a
function of 0.5-2 keV flux. The black circles show only the central
region where the X-ray sample is complete to 2× 10−17 erg cm−2

s−1. The blue crosses show the full field to its completeness level
of 1 × 10−16 erg cm−2 s−1 The red line shows the total EBL
background from Fixsen et al (1998).

Finally we look at the contributions to the submil-
limeter extragalactic backround (EBL) from the X-ray
selected sample. In figure we show the contribution from
sources above a given 0.5-2 keV flux. We show the central
region (black circles) where we can probe deeper and the
full area (blue crosses) where the sample is larger. The
contribution to the EBL rises rapidly as a function of X-
ray flux. At the limits of the Chandra 7Ms data about
10% of the submillimeter EBL measured by Fixsen et al.
(1998) is identified by the X-ray sources. Thus most of

the submillimeter light is not identified, which means in
turn that most submillimeter sources do not have X-ray
counterparts at the current X-ray sensitivities.

2.3. Spectroscopic redshifts and spectral classes

Luo et al. (2017) determined the most probable op-
tical/NIR counterparts based on the positional uncer-
tainties of the X-ray sources and the magnitudes of the
counterparts. They then compiled redshifts for the coun-
terparts from the literature. They found 529 of the coun-
terparts in our present sample of 938 sources (56%) had
redshifts which the group measuring the redshift consid-
ered secure. For a small number of objects the X-ray
source lies with the envelope of a bright galaxy but is
significantly separated from the center. Here we assume
the source is associated with the galaxy and assign the
redshift based on that but it is possible the X-ray source
could simply be projected. We use the TENIS Ks mag-
nitudes provided in the Luo et al. catalog.

Fig. 6.— Plot of the Ks magnitude versus the soft X-ray flux.
Objects with a spectral classification are shown in red and without
in blue. The gold stars show the small number of stars in the
sample. The top panel shows the full sample of X-ray sources with
off-axis angles less than 10 arcminutes. The bottom panel shows
those which are detected about the three sigma level at 850 µm.

In the present work we compiled all of the publically
available spectra for these counterparts togther with a
further 292 spectra we had observed ourselves with the

Barger+18



X-ray luminous AGN are mostly not strong submm sources, 
and submm sources are mostly not X-ray luminous AGN
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jects with both AGN and star-formation contributions.
We consider both populations separately in the next two
sections.

4. STAR-FORMERS AND THE X-RAY-SFR
CALIBRATION AT HIGH SFR

As we have discussed above the very high sensitivity
of both the X-ray and submillimeter observations in the
central region means that we can detect the strongest
star-forming galaxies at both wavelengths. In Cowie et
al. (2018) we already noted that most of the brighter
submillimeter sources with soft X-ray detections in the
region were consistent with both the X-ray luminosity
and the submillimeter flux being primarily driven by star
formation. Here we use the X-ray measurements of the
central ALMA sample to provide a more detailed com-
parison and to provide a calibration of the star-formation
rate versus X-ray luminosity for these extreme star for-
mers.
We plot the X-ray luminosity in the 0.5-2 keV band

(L(0.5-2)) versus the submillimeter flux in Figure 12 for
both the X-ray selected sample (red circles) and the
ALMA sample (blue circles). Sources which are included
in both samples are shown in green. Since the X-ray lu-
minosities and submillimeter fluxes may be negative we
show a linear representation in the bottom panel. We
also show a logarithmic version in the upper panel to
provide a clearer representation of the full range of X-
ray luminosities. Here low luminosity X-ray sources are
shown at 1040 erg s−1.
As can be seen from Figure 12 nearly all of the sources

with high submillimeter fluxes are low luminosity X-
ray sources and, conversely, the high luminosity X-ray
sources are not strong submillimeter sources. For sources
with submillimeter fluxes above 2.25 mJy (where the
ALMA sample is roughly complete) only 1 of the 42
sources has a L(0.5-2) above 5 × 1042 erg s−1 and the
mean L(0.5-2) is 1.1× 1042 erg s−1.
In order to compare with the SFR versus X-ray lumi-

nosity computed at lower X-ray luminosities we restrict
ourselves to redshifts greater than 1.4 where, at these
high submillimeter fluxes, the SFR rate may be related
to the submillimeter flux as (Cowie et al. 2018)

SFR(M⊙ yr−1) = 135± 17× S850 (mJy) . (3)

where the SFR is computed for a Kroupa IMF. We also
remove objects where the X-ray photon index is less than
1.2 since we expect the star forming galaxies to have soft
spectra and restrict ourselves to sources where the log
of the X-ray luminosity is less than 42.5. This leaves us
with a sample of 25 submillimeter sources with a median
redshift of 2.4. Given the high redshifts of the sample
we compare with the rest frame L(2-8) X-ray luminosity
defined by

L(2− 8) = 4πd2Lf0.5−2 keV((1 + z)/4.)Γ−2 erg s−1 . (4)

which minimizes the K correction. For the 25 sources
the mean ratio of L(2-8)/(850 micron flux) is 2.5× 1041

erg s−1/mJy and the median ratio 1.6×1041 erg s−1/mJy.

Fig. 12.— 0.5-2 keV luminosities versus submillimeter flux in the
central (off-axis angle less than 5.6 arcminute) region. The lower
panel shows the linear version while the upper panel shows a log-
arithmic representation with low luminosity X-ray sources placed
at 1040 erg s−1. Red circles show sources from the X-ray sample,
blue from the ALMA sample and green sources which are present
in both. We show one sigma error bars in the submillimeter flux
for sources with X-ray luminosities above 5× 1042 erg s−1. In the
upper panel the black solid line shows the relation between the X-
ray luminosity and the submillimeter flux for star-forming galaxies
discussed in the text.

Combined the mean ratio with equation 3 gives

SFR(M
⊙

yr−1) = 5.4× 10−40L2−8 keV(erg s−1) . (5)

We compare with the Mineo et al. (2011) linear rela-
tion obtained from only the unresolved galaxies (given in
their Section 8.1):

SFR(M
⊙

yr−1) = 2.7× 10−40L0.5−8 keV(erg s−1) . (6)

Here the SFR is for a Salpeter (1955) initial mass func-
tion stretching from 0.1 to 100 M⊙. The normalization
is a factor of 1.4 higher than if we had instead used their
result for only the hard X-ray binaries. We also note
that this calibration does depend on the star formation
history. There have been numerous calibrations of the
SFR with X-ray luminosity, and these vary by up to
40% (Grimm et al. 2003; Ranalli et al. 2003; Persic &
Rephaeli 2007; Lehmer et al. 2010; Mineo et al. 2011).
Thus, the estimated SFR is probably uncertain at least

X-rays from SF



How many high-z X-ray AGN are there, 
and what are their properties?



Open squares > 2mJy ALMA 
Chandra AGN Sample: (>10^43 erg/s)

Purple =BALQSO
Blue = BLAGN
Green = Type 2
gold = absorber

large black = SFer 

Gilli

Only 10 z>4 AGN
• 1 is a known z = 4.76 Compton 

thick AGN (Gilli+11)
• A fairly large fraction (4/10) are 

submm sources, including the 
Gilli+11 AGN

19

small black circles are photzs



What about the obscuration in the submm AGN?

At lower redshifts, most have higher absorption than the general 
X-ray population (dots).  They are not Compton thick, but they do 
have high hydrogen column densities (different from general pop)

High-z sources are near to or Compton thick

Gilli 19

blue = specz



Summary

• There is a wide distribution of SFRs at any given X-ray 
luminosity.  The mean SFR is dominated by a relatively small 
number of sources.  Stacking may not be a good approach, 
since it is always weighted towards the strong sources

• The most luminous X-ray AGN are generally not the strongest 
star formers

• z>4 X-ray AGN are not common (caution:  still some sources 
too faint even for photzs that might be at high z), but at these 
redshifts we do see sources exhibiting obscured AGN activity 
and extreme star formation indicating co-eval evolution


