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INTRODUCTION

▸ Galaxy evolution: 

▸ Star formation 

▸ Supermassive Black Hole 
activity (AGN). 

▸ Galaxies grow by forming stars. 

▸ AGN and star formation itself 
condition this process.

Credit: ESA/NASA, the AVO 
project and Paolo Padovani

Credit: NASA
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WHY IS IT IMPORTANT OR HOW DOES THIS WORK, ANYWAY?

▸ Star formation (Supernovae feedback) 

▸ Supernova goes off, heats the gas and prevents star 
formation. 

▸ On the other hand, shockwaves actually cause the collapse of 
gas clouds and trigger star formation. 

▸ AGN feedback 

▸ The energy that the AGN releases can also prevent star 
formation and an AGN can definitely throw gas out of a galaxy 
(but we don’t know how).
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WHY IS IT IMPORTANT OR HOW DOES THIS WORK, ANYWAY?

▸ The general belief is that stellar feedback is dominant in 
less massive galaxies (Bolatto et al. 2013, Geach et al. 
2014) 

▸ AGN feedback reigns in the largest ones (Silk & Rees, 
1998; Bower et al 2006). 

▸ Knowing how AGN and SF evolve may shine some light on 
the life ant times of galaxies.
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OBJECTIVE

▸ Most works focus on AGN-selected samples when 
studying SFR and/or BHAR (e.g. Stanley et al, 2015). 

▸ We are interested in understanding how BH and SF 
processes influence each other in a typical star forming 
galaxy and in particular, 

▸ How do the SFR and BHAR change and evolve relative 
to each other (see also, e.g. Delvecchio et al. 2015)?
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DATA - H⍺ SELECTION

▸ Sources taken from HiZELS, for 
z=0.4, 0.8, 1.47 and 2.23. 

▸ COSMOS field (Scoville et al. 
2007). 

▸ C-COSMOS (Elvis et al. 2009) for 
the X-ray data. 

▸ HERMES (Oliver et al. 2012), PEP 
(Lutz et al. 2011) and SCUBA2 
(Geach et al. 2013, 2016) for the 
far-infrared.

Credit: NASA

CREDIT: ESA - D. DUCROS, 2009
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 DATA - H⍺ SELECTION

▸ Hundreds of star-forming galaxies per redshift with four 
different redshift bins. 

▸ Stellar mass ~ 109.6 M⦿ 

▸ H⍺ SFR ~ 4-25 M⦿ 

▸ Radio SFR ~ 2-60 M⦿

5’’

20 kpc

z=0.40

z=1.47

z=0.84

z=2.23

1.49 cm = 4 pix  = 
Xray to radio = 1.403
1’’ = 0.3475 cm
z=0.4   => 5.373 kpc/‘’
10 kpc = 10/
z=0.8   =>  7.630 kpc/‘’
z=1.47 => 8.455 kpc/‘’
z=2.23 => 8.247 kpc/‘’

5’’

5’’ 5’’

20 kpc

20 kpc20 kpc

Calhau et al. 2017 - Radio stacking



 

DEX XIII EDINBURGH 2017

X-RAYS ARE FOR BLACK HOLES

▸ X-ray Luminosity                    Black hole accretion rates 
(Lehmer et al. 2013, Ranalli et al. 2003) 

▸ Direct detections - source matching between HiZELS 
and C-COSMOS. 

▸ Stacking of the entire sample.  
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Figure 3. Stacking in the X-rays (Chandra’s full band) for all our H↵
sources within the C-COSMOS coverage, in each our redshift slices. The
results show high S/N detections at every redshift except for z = 0.4. It
is worth noting, however, that the sample at z = 0.4 is much smaller and
has much lower stellar mass and SFR on average than the other redshifts
considered, and fails to encompass the rare luminous objects like AGN (see
Figure 1), since it comes from a much smaller volume than the samples at
higher redshifts. The images in this figure have been smoothed for easier
inspection.

This translates to a SFR ranging from 2 � 38 M� yr�1 at
z = 0.4� 2.23 (see Table 2).

4.3 X-ray stacking

The vast majority of our H↵ emitters (⇠ 98%) are undetected in
the X-rays for the current C-COSMOS flux limit. This is expected
given that the Chandra sensitivity limit is > 10�16 erg s�1 cm�2.
Thus, only relatively luminous AGN are expected to be X-ray de-
tected, while our sample is strongly dominated by typical star-
forming galaxies. However, we can rely on stacking in order to
study the overall population of typical H↵ selected galaxies below
the X-ray detection limit and recover much lower black hole accre-
tion activity. In order to stack our samples of H↵ emitters, per red-
shift, we use the full energy band of C-COSMOS (0.5-10 keV) and
start by cutting-out a square of 1000 ⇥ 1000 centred on each source.
We adopt a stacking radius of 200 (the area radius from which we
extract the counts for the fluxes). These values were obtained by go-
ing through different values for the radius, selecting the ones that
maximised the signal-to-noise (S/N) ratio (see Lehmer et al. 2007
for details) and taking the mean. When stacking, we use all sources
(both detected and non-detected), allowing us to include the entire
population. Chandra’s PSF changes with the distance to the point-
ings, causing deformation of sources. However, the effect of the
changing PSF is minimal when compared with the error bars and
uncertainties inherent to the FIR analysis. As such we did not ap-
ply a correction to this effect and instead estimated the background
contribution by taking the standard deviation of the pixel counts in
a randomized number of areas of the same size of the stacking area,
making sure these would fall outside the vicinity of the stacking ra-
dius, in order to counter the possible presence of sources distorted
by the changes in Chandra’s PSF.

To convert background subtracted counts into fluxes we di-
vided them by the mean exposure time multiplied by the conversion
factor (CR ⇥ 10�11 erg cm�2 s�1 (counts s�1)�1, where CR is
the count rate) assuming a power law of photon index � = 1.4 and
a Galactic absorption NH = 2.7⇥ 1020 as in Elvis et al. (2009). A
photon index of 1.4 is appropriate for faint galaxies (see Alexander
et al. 2003), as we expect star-forming galaxies to be. Finally, all
images were background subtracted. The estimation of the lumi-
nosities was done following:

LX = 4⇡dL
2fX(1 + z)��2 (erg s�1), (4)

where dL is the luminosity distance, fX is the flux in the X-ray
band, z is the redshift and � is the photon index, assumed to be 1.4.

Figure 3 shows the results of the stacking for the four redshifts.
There are clear detections for z = 0.84, z = 1.47 and z = 2.23.
For z = 0.4 the S/N is much lower. This is not surprising, as i)
this is the smallest sample and particularly because ii) the sources
in the z = 0.4 (due to the much smaller volume probed, see §2.2)
are typically much lower luminosity and have lower stellar masses
than those at higher redshift.

4.3.1 Black hole accretion rate from X-ray luminosity

We use the X-ray luminosity to estimate the rate at which the su-
permassive black hole at the centre of galaxies is accreting matter:

ṀBH =
(1� ✏)LAGN

bol

✏c2
(M� yr�1), (5)

where ṀBH is the accretion rate of the black hole, ✏ is the accre-
tion efficiency, LAGN

bol is the bolometric luminosity of the AGN, ob-
tained by multiplying the X-ray luminosity by 22.4 (Lehmer et al.
2013; Vasudevan & Fabian 2007), and c is the speed of light. We
find that our typical star-forming galaxies have accretion rates that
rise with increasing redshift, from ⇡ 0.004M� yr�1 at z = 0.84 to
⇡ 0.03M� yr�1 at z = 2.23. When extracting the accretion rates
from the X-ray luminosities, we estimated the correction that would
have to be taken into account from the contribution to the X-ray
emission by SF. This correction was estimated following Lehmer
et al. (2016):

logLX = A+B log (SFR) + C log (1 + z) (6)

where A, B and C have the values 39.82 ± 0.05, 0.63 ± 0.04
and 1.31 ± 0.11 respectively. The correction turned out to be at
most ⇠0.05% of the total BH accretion, much less than the un-
certainties in quantities like SFR and actual BHAR and, as such,
we do not take it into account. It also seems to evolve with galac-
tic stellar mass, growing as the mass grows and following LX =
1.44(SFR) � 0.45 with � = 1.8 when fitted to a linear relation
throught the least-squares method. This evolution of the contribu-
tion to the X-rays from stars is not surprising, as the SFR also grows
with stellar mass (see 5.2 and B1).

5 RESULTS

5.1 The cosmic evolution of black hole accretion rates

We find that ṀBH rises with increasing redshift as shown in Figure
4. However, from z = 1.47 to z = 2.23, even though the accretion
rate still rises, it does so less steeply. This is consistent with the
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has much lower stellar mass and SFR on average than the other redshifts
considered, and fails to encompass the rare luminous objects like AGN (see
Figure 1), since it comes from a much smaller volume than the samples at
higher redshifts. The images in this figure have been smoothed for easier
inspection.

This translates to a SFR ranging from 2 � 38 M� yr�1 at
z = 0.4� 2.23 (see Table 2).
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The vast majority of our H↵ emitters (⇠ 98%) are undetected in
the X-rays for the current C-COSMOS flux limit. This is expected
given that the Chandra sensitivity limit is > 10�16 erg s�1 cm�2.
Thus, only relatively luminous AGN are expected to be X-ray de-
tected, while our sample is strongly dominated by typical star-
forming galaxies. However, we can rely on stacking in order to
study the overall population of typical H↵ selected galaxies below
the X-ray detection limit and recover much lower black hole accre-
tion activity. In order to stack our samples of H↵ emitters, per red-
shift, we use the full energy band of C-COSMOS (0.5-10 keV) and
start by cutting-out a square of 1000 ⇥ 1000 centred on each source.
We adopt a stacking radius of 200 (the area radius from which we
extract the counts for the fluxes). These values were obtained by go-
ing through different values for the radius, selecting the ones that
maximised the signal-to-noise (S/N) ratio (see Lehmer et al. 2007
for details) and taking the mean. When stacking, we use all sources
(both detected and non-detected), allowing us to include the entire
population. Chandra’s PSF changes with the distance to the point-
ings, causing deformation of sources. However, the effect of the
changing PSF is minimal when compared with the error bars and
uncertainties inherent to the FIR analysis. As such we did not ap-
ply a correction to this effect and instead estimated the background
contribution by taking the standard deviation of the pixel counts in
a randomized number of areas of the same size of the stacking area,
making sure these would fall outside the vicinity of the stacking ra-
dius, in order to counter the possible presence of sources distorted
by the changes in Chandra’s PSF.

To convert background subtracted counts into fluxes we di-
vided them by the mean exposure time multiplied by the conversion
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the count rate) assuming a power law of photon index � = 1.4 and
a Galactic absorption NH = 2.7⇥ 1020 as in Elvis et al. (2009). A
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band, z is the redshift and � is the photon index, assumed to be 1.4.

Figure 3 shows the results of the stacking for the four redshifts.
There are clear detections for z = 0.84, z = 1.47 and z = 2.23.
For z = 0.4 the S/N is much lower. This is not surprising, as i)
this is the smallest sample and particularly because ii) the sources
in the z = 0.4 (due to the much smaller volume probed, see §2.2)
are typically much lower luminosity and have lower stellar masses
than those at higher redshift.
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(1� ✏)LAGN
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where ṀBH is the accretion rate of the black hole, ✏ is the accre-
tion efficiency, LAGN

bol is the bolometric luminosity of the AGN, ob-
tained by multiplying the X-ray luminosity by 22.4 (Lehmer et al.
2013; Vasudevan & Fabian 2007), and c is the speed of light. We
find that our typical star-forming galaxies have accretion rates that
rise with increasing redshift, from ⇡ 0.004M� yr�1 at z = 0.84 to
⇡ 0.03M� yr�1 at z = 2.23. When extracting the accretion rates
from the X-ray luminosities, we estimated the correction that would
have to be taken into account from the contribution to the X-ray
emission by SF. This correction was estimated following Lehmer
et al. (2016):

logLX = A+B log (SFR) + C log (1 + z) (6)

where A, B and C have the values 39.82 ± 0.05, 0.63 ± 0.04
and 1.31 ± 0.11 respectively. The correction turned out to be at
most ⇠0.05% of the total BH accretion, much less than the un-
certainties in quantities like SFR and actual BHAR and, as such,
we do not take it into account. It also seems to evolve with galac-
tic stellar mass, growing as the mass grows and following LX =
1.44(SFR) � 0.45 with � = 1.8 when fitted to a linear relation
throught the least-squares method. This evolution of the contribu-
tion to the X-rays from stars is not surprising, as the SFR also grows
with stellar mass (see 5.2 and B1).
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5.1 The cosmic evolution of black hole accretion rates

We find that ṀBH rises with increasing redshift as shown in Figure
4. However, from z = 1.47 to z = 2.23, even though the accretion
rate still rises, it does so less steeply. This is consistent with the
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FAR-INFRARED IS FOR STARS

▸ Using far-infrared we avoid contamination from AGN that 
may still influence H⍺ and Radio. 

▸ Far-Infrared luminosity                Star formation rates 
(Kennicutt, 1998) 

▸ Direct detection - source matching between HiZELS and 
HerMES, PEP and SCUBA2. 

▸ stacking of the entire sample. 

▸ SED fitting.



z=0.4 
log10 LFIR = 10.4 
SFR = 2 M⦿/yr

z=0.84 
log10 LFIR = 11.1 
SFR = 13 M⦿/yr

z=1.47 
log10 LFIR = 11.5 
SFR = 32 M⦿/yr

z=2.23 
log10 LFIR = 11.6 
SFR = 40 M⦿/yr

Calhau et al. 2017
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RESULTS
▸ The evolution of the BHAR follows the evolution of the star 

formation rate density.
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RESULTS
▸Typical star-forming galaxies grow their stellar mass much 

quicker than their black holes (BHAR/SFR ~ 0.0001). 

▸There is little evolution of the BHAR/SFR ratio across cosmic time 
for star-forming galaxies.

Calhau et al. 2017
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RESULTS

▸ These results seem to support the possibility that BH 
accretion and SF evolve at equivalent rates across cosmic 
time, and 

▸ Central supermassive black holes and star formation 
mechanism likely work in conjunction for regulation of 
galaxy evolution.
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LET’S GO FARTHER: LY-ALPHA AND CARBON SELECTED SAMPLES

▸ At higher redshift H⍺ is currently not available. 

▸ Need alternatives. 

▸ Lya is the most notable option but, 

▸ CIII] and CIV emitters are also available (e.g. Stark et al. 2017) 

▸ Problem: We do not know their nature. 

▸ Studying them at lower redshifts might help us understand 
them.
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LET’S GO FARTHER: LY-ALPHA SELECTED SAMPLES

▸ We are still in the COSMOS field. 

▸ Sample from CALYMHa (CAlibrating LYMan-alpha with H-
alpha) survey (Sobral, et al 2016) at z=2.23. 

▸ X-rays            black hole accretion rates. 

▸ Far-infrared shows no detection when stacking. 

▸ H⍺             star formation rates
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LET’S GO FARTHER: LY-ALPHA SELECTED SAMPLES

▸ Direct detections are very powerful 
(~1045 erg/s) 

▸ There seems to be a correlation 
between the Lya luminosity of 
CALYMHa sources with their X-ray 
luminosity - but not very strong. 

▸ Outflows or due to the AGN 
activity?
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LET’S GO FARTHER: LY-ALPHA SELECTED SAMPLES
▸ Star formation still seems to be stronger than the black hole activity, despite the 

strength of the AGNs. 

▸ However, once again, the two quantities seem to grow together.

Calhau et al.  in prep.
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LET’S GO FARTHER: CARBON SELECTED SAMPLES - CIV

▸ Sample from Stroe et al. (in prep.) 

▸ Redshift ~ 1.53 

▸ 45% are candidates for CIV 
emitters. 

▸ 45% are candidates for AGN even 
if not detected by Chandra. 

▸ Very powerful: some sources with 
luminosities of ~1045 erg/s for CIV 
emitters in the X-rays.

Calhau et al.  in prep.
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LET’S GO FARTHER: CARBON SELECTED SAMPLES - CIV

▸ Sample from Stroe et al. (in prep.) 

▸ Redshift ~ 1.05 

▸ 40% are candidates for CIII] emitters. 

▸ 40% are candidates for Star forming 
galaxies. 

▸ Still powerful: some sources with 
luminosities of ~1042-1043erg/s for 
CIII] emitters in the X-rays. 

▸ Undetected AGN?

Calhau et al.  in prep.
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CONCLUSION

▸ Galaxies grow their stellar mass quicker than their black 
holes. 

▸ There seems to be no evolution of the relative growth of 
stellar mass and black hole mass. 

▸ The two quantities seem to grow together even within the 
same redshift - common feeding processes?
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