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Select galaxies
in a particular range of 

redshift, stellar mass etc.

• Highly complete!
• Allows for long-term 

AGN variability
Assumptions/caveats:
• All AGN are in galaxies...
• AGN can only add light 
• Restricted to AGN in a 

particular sample of galaxies
e.g. Near-IR selected galaxies from 

the CANDELS/3DHST survey
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e.g. Near-IR selected galaxies from the CANDELS/3DHST survey

Characterize the AGN
• luminosities/accretion rates
• fraction of galaxies where the central black 

hole is growing at given accretion rate
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Select galaxies
in a particular range of 

redshift, stellar mass etc.

e.g. Near-IR selected galaxies from the CANDELS/3DHST survey

Characterize the AGN

Characterize the AGN

e.g. deep Chandra X-ray imaging (2-7keV)



Starting point:
Select galaxies from deep near-infrared imaging

UltraVISTA

+ UltraVISTA (deep KS-band imaging over ~1.6 deg2) 

CANDELS/3DHST 
fields 
(ultradeep WFC3 H-band 
imaging)
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Starting point:
Select galaxies from deep near-infrared imaging
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fitting of UV-optical-NIR SED          
(FAST: Kriek et al. 2009)

Identify ~120,000 
galaxies out to z~4

Select complete 
samples of galaxies 
for a given range in 
stellar mass and 
redshift 
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Extract Chandra X-ray data at the position 
of every galaxy (CDFS-4Ms, CDFN-2Ms, AEGIS 800ks, COSMOS 160ks)

GOODS-N Chandra X-ray imageNear-IR (HST WFC3)
        → galaxy sample
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Best estimate 
- flexible Bayesian model
- hard (2-7keV) X-ray data
- uses data from every galaxy

The probability distribution of 
specific Black Hole Accretion Rates
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Hard X-ray 
detections only 
(no completeness 
correction)

The probability distribution of 
specific Black Hole Accretion Rates

Best estimate 
- flexible Bayesian model
- hard (2-7keV) X-ray data
- uses data from every galaxy
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Corrected for host 
galaxy contamination 
(uncertain) 

The probability distribution of 
specific Black Hole Accretion Rates

Best estimate 
- flexible Bayesian model
- hard (2-7keV) X-ray data
- uses data from every galaxy
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The probability distribution of 
specific Black Hole Accretion Rates

      

 

0.0001

0.0010

0.0100

0.1000

1.0000

 

      

 

0.0001

0.0010

0.0100

0.1000

1.0000

      

 

0.0001

0.0010

0.0100

0.1000

1.0000

 

      

 

0.0001

0.0010

0.0100

0.1000

1.0000

 

-4 -3 -2 -1 0 1

0.0001

0.0010

0.0100

0.1000

1.0000

 

9.0< logM∗/M⊙ < 9.59.0< logM∗/M⊙ < 9.59.0< logM∗/M⊙ < 9.59.0< logM∗/M⊙ < 9.59.0< logM∗/M⊙ < 9.5

p(
λ
s
B
H
A
R
|
M

∗
,z
)
[d
ex

−
1
]

9.5< logM∗/M⊙ <10.09.5< logM∗/M⊙ <10.09.5< logM∗/M⊙ <10.09.5< logM∗/M⊙ <10.09.5< logM∗/M⊙ <10.0

10.0< logM∗/M⊙ <10.510.0< logM∗/M⊙ <10.510.0< logM∗/M⊙ <10.510.0< logM∗/M⊙ <10.510.0< logM∗/M⊙ <10.5

10.5< logM∗/M⊙ <11.010.5< logM∗/M⊙ <11.010.5< logM∗/M⊙ <11.010.5< logM∗/M⊙ <11.010.5< logM∗/M⊙ <11.0

log λsBHAR

11.0< logM∗/M⊙ <11.511.0< logM∗/M⊙ <11.511.0< logM∗/M⊙ <11.511.0< logM∗/M⊙ <11.511.0< logM∗/M⊙ <11.5

0.1 < z < 0.5
0.5 < z < 1.0
1.0 < z < 2.0
2.0 < z < 3.0
3.0 < z < 4.5

Aird+2017b, arXiv:1705.01132



Broad distribution

The probability distribution of 
specific Black Hole Accretion Rates
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Distributions of sBHAR in quiescent galaxies as a 
function of stellar mass

quiescent

0.5 < z < 1.0
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Distributions of sBHAR in star-forming and quiescent 
galaxies as a function of stellar mass, redshift....
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Summarizing the distributions:
the duty cycle of AGN

The fraction of 
galaxies 

(of given M✳  and z) 
with an “AGN”

Aird+2017b, arXiv:1705.01132



The AGN duty cycle as a function of stellar mass 
and redshift

The distribution of AGN accretion rates 11
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Figure 6. AGN duty cycle (the fraction of galaxies with black holes accreting at λsBHAR > 0.01) as a function of redshift at different stellar masses (as

indicated by the colours and symbols) for all galaxies (left), star-forming galaxies (centre) and quiescent galaxies (right). The duty cycle is calculated by

integrating our estimates of p(log λsBHAR | M∗, z) from Section 3 (see Equation 3). Error bars indicate 1σ-equivalent confidence intervals, based on the

posterior distributions of p(log λsBHAR | M∗, z) from our Bayesian analysis. For quiescent galaxies we only show estimates for our three highest mass bins

where we have reasonable constraints on the duty cycle.
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Figure 7. AGN duty cycle as a function of redshift at different stellar masses within the star-forming (blue crosses) and quiescent (red circles) galaxy

populations. We note that the lowest stellar mass bin (leftmost panel) includes galaxies with 8.5 < logM∗/M⊙ < 10.0 and above our stellar mass

completeness limits (and thus corresponds to a higher average stellar mass at higher redshifts). We find that the duty cycle increases with redshift within both

star-forming and quiescent galaxies with M∗ ! 1010M⊙ , indicating that a higher proportion of galaxies are rapidly growing their black holes at higher

redshifts. For massive galaxies (M∗ > 1010.5M⊙) the duty cycle for quiescent galaxies is lower than for star-forming galaxies at z " 2 but evolves more

rapidly with redshift.
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• Broad distribution of accretion rates                        
reflects variability, indicating stochastic 
accretion of cold gas 

• Suppression of low λsBHAR fuelling 
events at lower M✳                       
harder to release angular momentum in lower 
M✳ galaxies? increased stellar feedback? 

• Shift to higher accretion rates at 
higher z                                        
related to increased availability of cold gas?

• Reaches a maximum at ~Eddington 
limit?                                                        
BHs self-regulate growth at high z?
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Interpretation/conclusions Quiescent galaxies
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Suggests a different 
physical mechanism 
(e.g. stellar mass loss) 
fuels AGN activity in 
quiescent galaxies 
compared to SF galaxies

• Generally contain weaker (lower λsBHAR) AGN than in SF galaxies (of 
equivalent M✳ and z)

• Decrease in duty cycle (shift to lower λsBHAR) at highest M✳                     

• Evolves more rapidly with redshift (toward higher λsBHAR at higher z)                                      

• Ultimately limited by self-regulation, but at higher redshift (z>2)                                                  



Summary
• Use near-infrared (~stellar-mass) selected samples of galaxies combined with deep 

Chandra X-ray data to measure the probability distribution function of AGN accretion 
rates (and duty cycle) as a function of stellar mass and redshift 
• Broad distribution of accretion rates for a fixed galaxy property                       

(redshift, stellar mass, star-forming vs. quiescent) reflecting variability

• Stellar-mass dependent p(λsBHAR) (suppression of low λsBHAR for lower M✳ galaxies)

• Strong evolution with z, truncated at ~Eddington limit                                       
=> self-regulation of BH growth at high z

• generally have lower accretion rates/lower duty cycle.
• Different stellar mass dependence, also evolve to higher λsBHAR at higher z

Star-forming galaxies

Quiescent galaxies
AGN fueled by stochastic accretion of cold gas?

AGN fueled by stellar mass loss?



Sketch summarizing results of Aird et al. 2017 (arXiv:1705.01132)
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Summarizing the distributions:
the average accretion rate
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Summarizing the distributions:
the average accretion rate
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We attempt to quantify these trends using estimates of the AGN
duty cycle in Section 3.4 below.

Figure 5 reproduces the results from Figures 2 and 3 to
reveal the stellar mass dependence in fixed redshift bins. For
the quiescent galaxy population (bottom row of Figure 5) our
constraints on p(log λsBHAR | M∗, z) are generally con-
sistent with a single distribution with no stellar-mass depen-
dence, although at lower redshifts (z ! 1.5) we find that
p(log λsBHAR | M∗, z) may be shifted to lower λsBHAR at the
highest stellar masses (M∗ " 1011M⊙). Furthermore, our con-
straints on p(log λsBHAR | M∗, z) are poor at logM∗/M⊙ !
10.0 as our samples of quiescent galaxies at these masses are rela-
tively small and thus we cannot rule out a stellar-mass dependence.
For star-forming galaxies (middle row of Figure 5), we find clear
evidence of a stellar-mass dependence in p(log λsBHAR | M∗, z)
at a fixed redshift, at least at 0.5 ! z ! 2 where we have good
constraints. At a given redshift, the maximum accretion rate ap-
pears to be limited by the same steep power law, while at lower
accretion rates the distribution has a mass-dependent normalisa-
tion such that the probability of a star-forming galaxy hosting an
AGN with −3 ! log λsBHAR ! −1 is suppressed at lower stel-
lar masses. The total galaxy population (top row of Figure 5) also
shows evidence for a stellar-mass dependence at a fixed redshift (to
at least z ∼ 2). The mixing of the star-forming and quiescent popu-
lations leads to the complex structure and mass-dependence seen in
p(log λsBHAR | M∗, z) for the overall galaxy sample that is dif-
ficult to interpret without considering the constituent populations
separately.

3.4 The AGN duty cycle and the average AGN accretion rate

In this section we attempt to summarize and quantify the informa-
tion contained in Figures 2–5 by calculating the duty cycle of AGN
activity as a function of stellar mass as well as the average accre-
tion rate associated with these AGN. We are thus able to con-
dense the information contained in the full accretion rate dis-
tributions down to just two numbers, making it easier to iden-
tify and interpret the overall trends with redshift, stellar mass
or galaxy type, albeit at the loss of information on the overall
shapes of the distributions as a function of λsBHAR.

We define the AGN duty cycle as the fraction of galaxies (at
a given range of stellar mass and redshift) with supermassive black
holes growing at λsBHAR > 0.01. We can calculate the AGN duty
cycle from our measurements of p(log λsBHAR | M∗, z) described
above,

f(λsBHAR > 0.01) =

∫ ∞

−2

p(log λsBHAR | M∗, z) d log λsBHAR

(3)
where f(λsBHAR > 0.01) corresponds to our definition of the duty
cycle. Uncertainties in the duty cycle are propagated from the pos-
terior distributions of p(log λsBHAR | M∗, z) and correspond to
the 1σ-equivalent (i.e. 68 per cent) central confidence intervals.

Figure 6 presents measurements of the duty cycle,
f(λsBHAR > 0.01), as a function of redshift for different
stellar masses. A number of trends, previously identified in the
full accretion distributions in Sections 3.2 and 3.3 above, are
apparent in this figure. Within star-forming galaxies, we observe a
clear stellar mass dependence between logM∗/M⊙ ≈ 10.0 and
logM∗/M⊙ ≈ 11.5, whereby the duty cycle is higher in higher
stellar mass galaxies at any given redshift. At high stellar masses
(logM∗/M⊙ " 10.0), we find that the duty cycle evolves with

redshift, increasing up to z ∼ 2 and flattening off or potentially
declining to higher redshifts. The redshift evolution appears to
get weaker at lower stellar masses and in our lowest stellar mass
bins (logM∗/M⊙ < 9.5) our results are consistent with no
evolution (although we only probe a limited range of redshifts and
the uncertainties are large). For quiescent galaxies, conversely, the
duty cycle is generally consistent with no stellar mass dependence
between logM∗/M⊙ ≈ 10 and logM∗/M⊙ ≈ 11 and a drop
at the highest stellar mass (11 < logM∗/M⊙ < 11.5), at least
out to z ∼ 2. The data for quiescent galaxies are consistent with
a strong evolution with redshift for all stellar masses between
logM∗/M⊙ = 10.0 and logM∗/M⊙ = 11.5; we do not
show data for the lower stellar mass bins where there are very few
quiescent galaxies and the duty cycle is poorly constrained.

In Figure 7 we directly compare the redshift evolution of the
duty cycle in star-forming and quiescent galaxies at a range of stel-
lar masses. For the lowest mass bin we include all galaxies (of a
given type) with 8.5 < logM∗/M⊙ < 10.0 and above our stellar
mass completeness limits. At these low masses there is no evidence
of a difference in the duty cycle between star-forming or quiescent
galaxies or any evolution with redshift (although we cannot rule out
an increase of the duty cycle with redshift for quiescent galaxies,
given the large uncertainties). At 10.0 < logM∗/M⊙ < 10.5 we
find that the duty cycle increases between z ∼ 0 and z ∼ 1 − 2
for both galaxy types and is roughly constant to higher redshifts.
The duty cycle is consistent between the the two galaxy types at
z > 1.0 (within the uncertainties) but at lower redshifts we mea-
sure a significantly lower duty cycle (by a factor ∼ 2− 6) in quies-
cent galaxies compared to star-forming galaxies. In the two highest
mass bins in Figure 7 we find that the duty cycle is substantially
lower in quiescent galaxies at z < 2 (by a factor ∼ 10) compared
to star-forming galaxies but evolves more rapidly with redshift. The
full distributions shown in Figure 3 confirm this trend. At z > 2 the
duty cycles in star-forming and quiescent galaxies are fairly similar
in the two high mass bins, although we note that at these redshifts
there are substantially fewer quiescent galaxies than star-forming
galaxies (even at these high stellar masses). Thus, the bulk of AGN
at high redshifts are hosted by star-forming galaxies, despite the
similar duty cycles in both galaxy types.

To supplement the AGN duty cycle and gain further in-
sights into the accretion rates of the AGNs contained within
our galaxy samples, we calculate the average accretion rate,
⟨λsBHAR⟩, for galaxies that contain AGNs accreting above our
fixed limit of λsBHAR > 0.01, given by

⟨λsBHAR⟩ =

∫

∞

−2

p(log λsBHAR | M∗, z) λsBHAR d log λsBHAR

∫

∞

−2

p(log λsBHAR | M∗, z) d log λsBHAR

.

(4)
While the duty cycle represents the fraction of galaxies with
AGNs, the average accretion rate defined in this way provides
information on the typical accretion rate of those AGNs, where
in both cases we are effectively defining an “AGN” as a super-

massive black hole that is accreting above a rate of λsBHAR =
0.01. This quantity thus allows us to distinguish between galax-
ies with similar overall duty cycles but where the shapes of
p(log λsBHAR | M∗, z)(above the λsBHAR = 0.01 limit) are
very different, e.g. where the bulk of those AGNs are close to
the limit versus at much higher λsBHAR.

Our estimates of ⟨λsBHAR⟩ are presented in Figure 8.
While our uncertainties are fairly large, our measurements re-
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Figure 8. Average accretion rate, ⟨λsBHAR⟩ for AGNs accreting above a limit of λsBHAR > 0.01 (calculated using Equation 4) as a function of
redshift and at different stellar masses (as indicated by the colours and symbols) for all galaxies (left), star-forming galaxies (centre) and quiescent
galaxies (right). Error bars indicate 1σ-equivalent confidence intervals. For clarity, we omit the estimates in the two lowest stellar mass bins (8.5 <
logM∗/M⊙ < 9.0 and 9.0 < logM∗/M⊙ < 9.5) for all galaxies and star-forming galaxies due the large uncertainties, although we note that
the estimates are consistent with the general trend of increasing ⟨λsBHAR⟩ toward lower stellar masses (at fixed redshift). As in Figure 6, we omit
the lowest stellar mass bins for the quiescent galaxies, where both the duty cycle and ⟨λsBHAR⟩ are very poorly constrained due to the small sample
sizes.

veal a clear pattern within both star-forming galaxy and all
galaxy samples (dominated by star-forming galaxies at all stel-
lar masses for z ! 1), whereby the average accretion rate
is increasing with redshift at all stellar masses (increasing by
∼ 0.5 dex between z ∼ 0.5 and z ∼ 3) and becomes progres-
sively higher with decreasing stellar mass (at a fixed redshift).
This behaviour contrasts with the evolution of the duty cycle
(see Figure 6), where the duty cycle become progressively lower

with decreasing stellar mass. Thus, while the fraction of galax-
ies hosting an AGN is lower in lower massive galaxies, the typi-
cal accretion rates of that small fraction of AGNs are generally
higher. The underlying cause of this pattern is more apparent
in the full accretion rate distributions (e.g. central row of Fig-
ure 5), where we can see at a fixed redshift (e.g. 0.5 < z < 1.0)
that p(log λsBHAR | M∗, z) is suppressed at lower accretion
rates in lower mass galaxies (reducing the overall duty cycle)
but that the distribution extends to higher values (the break in
the distribution is at higher λsBHAR), resulting in the increase
in ⟨λsBHAR⟩. In the discussion below (Section 4) we present
a simplified sketch that attempts to summarize these overall
trends (see Figure 12).

Our measurements of ⟨λsBHAR⟩ within quiescent galax-
ies (right panel of Figure 8) are fairly noisy, although at 10 <
logM∗/M⊙ < 10.5 and 10.5 < logM∗/M⊙ < 11 (yellow
and brown points) we do see a rise of the average accretion

rate between z ∼ 0.5 and = z ∼ 3, similar to that seen in
the star-forming galaxy sample. We note that the average ac-
cretion rates are generally lower for the quiescent galaxies than
for star-forming galaxies at the same redshift and stellar mass,
consistent with the differences seen in Figure 3. We also cau-
tion that our measurements are most uncertain in our lowest
redshift bin (0.1 < z < 0.5) for all galaxy types, where the duty
cycle is generally lowest and it is hard to identify clear trends.

In conclusion, our measurements show clear evidence that
the duty cycle of AGN, defined above a fixed λsBHAR thresh-
old, increases with stellar mass in star-forming galaxies, while
the typical accretion rates of these AGNs are lower at higher
stellar masses. The duty cycle in quiescent galaxies is generally
lower than in star-forming galaxies and decreases at the highest
stellar masses (11 < logM∗/M⊙ < 11.5 at z " 2). Both the
duty cycle and the average accretion rates increase with red-
shift in star-forming and quiescent galaxies. The strongest evo-
lution of the duty cycle is observed in high-stellar-mass quies-
cent galaxies (11 < logM∗/M⊙ < 11.5), where the duty cycle
increases from f(λsBHAR > 0.01) ≈ 0.1 per cent at z ≈ 0.3
to f(λsBHAR > 0.01) ≈ 10 per cent at z ≈ 2. In Figure 12 we
attempt to encapsulate all these trends into a simplified sketch
summarizing our measurements of the full accretion rate prob-
ability distributions, p(log λsBHAR | M∗, z), as a function of
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Figure A2. Example SEDs and results of our two-component (AGN+galaxy) fitting. Blue crosses indicate the observed photometry (and errors) and the orange

diamonds indicate the predicted photometry with the best-fitting two-component model. The green solid and purple dashed lines indicate the best-fitting galaxy

and AGN templates; the solid black line is the sum of the two components. The pink crosses indicate the observed MIPS 24µm flux, which is not considered in

the SED-fitting but may be used to estimate the SFR. Panel (i) shows an example of an AGN-dominated source. The host galaxy makes a contribution around

∼ 2 × 104Å (rest-frame ∼ 1µm) that allows us to estimate the stellar mass. All of the 24µm emission can be associated with the AGN component. Our

estimates of the SFR for such sources are highly uncertain and thus we exclude these AGN-dominated sources when dividing our sample based on their SFRs

(i.e. into star-forming and quiescent galaxies or further sub-divisions). Panel (ii) shows a source with evidence of an AGN contribution in the MIR (∼3–8µm),

but the extrapolation of the AGN template does not account for all of the observed 24µm flux; the SFR is estimated from the sum of the UV based on the

best-fitting galaxy template (green line) and the IR emission traced by the 24µm flux after subtracting the AGN contribution. Panel (iii) is a source with a clear

power-law AGN contribution in the MIR, although the galaxy light dominates at shorter wavelengths. All of the 24µm emission can be associated with the

AGN component, thus we estimate the SFR based on galaxy component of the SED fit. Panel (iv) shows a source where the UV-to-MIR SED is best described

by a galaxy template (without any AGN contribution). The excess at 24µm is associated with the star formation (the dust emission is not included in the galaxy

model templates). We adopt the UV+IR estimate of the SFR, without any correction for an AGN contribution.

templates with each of our grid of galaxy templates (described in
Paper I), such that

ftotal(λ) = A1fgal(λ) +A2fAGN(λ) (A1)

where fgal(λ) and fAGN(λ) represent a given galaxy and AGN
SED template, respectively, and A1 and A2 are unknown, free
parameters corresponding to the relative scalings of the two tem-
plates. For each possible combination (i.e. for every galaxy tem-
plate combined with each of the eight AGN templates), we cal-
culate A1 and A2 using χ2 minimization to fit to the observed
photometry. We also determine the χ2 for every galaxy template
without any AGN component (i.e. fixing A2 = 0). We retain the
standard FAST template error function when calculating χ2, al-
though we truncate the uncertainty to 50 per cent (in flux) at long
wavelengths (where the standard template error function becomes
large, mostly to allow for uncertainties related to an AGN contri-
bution that we now model directly). We idenitfy the minimum χ2

over the entire grid of galaxy and AGN combinations, which we
retain as our best-fitting estimate of the overall SED. Following
our approach in Paper I, we also calculate a posteriori estimates of
galaxy properties (i.e. SFRSED, M∗) by marginalizing over the
full grid of possible galaxy and AGN combinations (as well as
the “no-AGN” possibility), although we only take the single best
χ2 (and corresponding A1 and A2) for a given combination rather
than performing a fully Bayesian marginalization. We use the same
approach to provide a best a posteriori estimate of the fractional
AGN contribution, FAGN,5000 , defined as the fraction of the light
at 5000Å that is attributed to the AGN template component. We
flag sources where FAGN,5000 is greater then 50 per cent as AGN-
dominated in the UV-optical.

The next step of our analysis is to determine our best estimate
of the SFR for each galaxy in the X-ray detected sample. In Pa-
per I, we describe our “SFR ladder” for galaxies: when a galaxy
is detected at 24µm we adopt SFRUV+IR; for galaxies without
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Figure A2. Example SEDs and results of our two-component (AGN+galaxy) fitting. Blue crosses indicate the observed photometry (and errors) and the orange

diamonds indicate the predicted photometry with the best-fitting two-component model. The green solid and purple dashed lines indicate the best-fitting galaxy

and AGN templates; the solid black line is the sum of the two components. The pink crosses indicate the observed MIPS 24µm flux, which is not considered in

the SED-fitting but may be used to estimate the SFR. Panel (i) shows an example of an AGN-dominated source. The host galaxy makes a contribution around

∼ 2 × 104Å (rest-frame ∼ 1µm) that allows us to estimate the stellar mass. All of the 24µm emission can be associated with the AGN component. Our

estimates of the SFR for such sources are highly uncertain and thus we exclude these AGN-dominated sources when dividing our sample based on their SFRs

(i.e. into star-forming and quiescent galaxies or further sub-divisions). Panel (ii) shows a source with evidence of an AGN contribution in the MIR (∼3–8µm),

but the extrapolation of the AGN template does not account for all of the observed 24µm flux; the SFR is estimated from the sum of the UV based on the

best-fitting galaxy template (green line) and the IR emission traced by the 24µm flux after subtracting the AGN contribution. Panel (iii) is a source with a clear

power-law AGN contribution in the MIR, although the galaxy light dominates at shorter wavelengths. All of the 24µm emission can be associated with the

AGN component, thus we estimate the SFR based on galaxy component of the SED fit. Panel (iv) shows a source where the UV-to-MIR SED is best described

by a galaxy template (without any AGN contribution). The excess at 24µm is associated with the star formation (the dust emission is not included in the galaxy

model templates). We adopt the UV+IR estimate of the SFR, without any correction for an AGN contribution.

templates with each of our grid of galaxy templates (described in
Paper I), such that

ftotal(λ) = A1fgal(λ) +A2fAGN(λ) (A1)

where fgal(λ) and fAGN(λ) represent a given galaxy and AGN
SED template, respectively, and A1 and A2 are unknown, free
parameters corresponding to the relative scalings of the two tem-
plates. For each possible combination (i.e. for every galaxy tem-
plate combined with each of the eight AGN templates), we cal-
culate A1 and A2 using χ2 minimization to fit to the observed
photometry. We also determine the χ2 for every galaxy template
without any AGN component (i.e. fixing A2 = 0). We retain the
standard FAST template error function when calculating χ2, al-
though we truncate the uncertainty to 50 per cent (in flux) at long
wavelengths (where the standard template error function becomes
large, mostly to allow for uncertainties related to an AGN contri-
bution that we now model directly). We idenitfy the minimum χ2

over the entire grid of galaxy and AGN combinations, which we
retain as our best-fitting estimate of the overall SED. Following
our approach in Paper I, we also calculate a posteriori estimates of
galaxy properties (i.e. SFRSED, M∗) by marginalizing over the
full grid of possible galaxy and AGN combinations (as well as
the “no-AGN” possibility), although we only take the single best
χ2 (and corresponding A1 and A2) for a given combination rather
than performing a fully Bayesian marginalization. We use the same
approach to provide a best a posteriori estimate of the fractional
AGN contribution, FAGN,5000 , defined as the fraction of the light
at 5000Å that is attributed to the AGN template component. We
flag sources where FAGN,5000 is greater then 50 per cent as AGN-
dominated in the UV-optical.

The next step of our analysis is to determine our best estimate
of the SFR for each galaxy in the X-ray detected sample. In Pa-
per I, we describe our “SFR ladder” for galaxies: when a galaxy
is detected at 24µm we adopt SFRUV+IR; for galaxies without

c⃝ 2017 RAS, MNRAS 000, 1–24
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Increasing M∗

Best estimate + 90% confidence interval

Corrected for host galaxy contamination (uncertain)

Hard X-ray detections

Aird+12 relation

(extrapolation)
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Increasing M∗

Peak at low LX
= star formation

Tail to higher LX
= AGN

Star formation emission at low X-ray luminosities

see Aird et al. 2017a, MNRAS, 465, 3390 (Paper I)


