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Abstract

Supermassive black holes are found at the centre of massive galaxies. During the growth of these black holes
they light up to become visible as active galactic nuclei (AGN) and release extraordinary amounts of energy
across the electromagnetic spectrum. This energy is widely believed to regulate the rate of star formation in
the black holes’ host galaxies via so-called “AGN feedback”. However, the details of how and when this occurs
remains uncertain from both an observational and theoretical perspective. | review some of the observational
results and discuss possible observational signatures of the impact of super-massive black hole growth on star

formation.

Introduction

The discovery that all massive galaxies host a central super-
massive black hole rates among the most momentous in
modern astronomy. These black holes, with masses rang-
ing from hundreds of thousands to billions of times that of
our Sun (x10°-10'"M,), primarily grow through periods
of radiatively-efficient accretion of gas when they conse-
quently become visible as AGN[1, 2]. Historically AGN
were considered rare but fascinating objects to study in
their own right, yet over the last two decades these phe-
nomena have moved to the fore-front of galaxy evolution
research. This is partly due to a number of remarkable
observations that show that black hole masses are tightly
correlated with host-galaxy properties, despite a difference
of several orders of magnitude in physical size scales|[3].
However, arguably the most influential factor in the explo-
sion of interest in AGN are the results from galaxy evolution
models.

Most galaxy formation models require AGN to inject en-
ergy or momentum into the surrounding gas (see Box 1) in
the most massive galaxies (i.e., with stellar masses Mgejiar 2
10 M.,)) in order to reproduce many key observables of
galaxy populations and intergalactic material[4, 5, 6, 7, 8, 9,
10, 11, 12] (Fig. 1). These observables include: the “steep”
relationship between X-ray luminosity and X-ray temper-
ature observed for the gas in the intra-cluster medium
within groups and clusters[13]; the “low” rate of gas cool-
ing in galaxy clusters[14]; the inefficiency of star forma-
tion in the most massive galaxy haloes[15] (Fig. 1); the
tight relationships between black hole masses and galaxy
bulge properties[3] and the formation of quiescent bulge-
dominated massive “red” galaxies that are no longer form-
ing stars at significant levels[16].

AGN are an attractive solution in models to supply the
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Figure 1 | The ratio of stellar mass to halo mass as a function
of halo mass for three different runs of a simulation[6] and for
the semi-empirical relationship[17]. The shaded region shows
the 16th and 84th percentiles of the fiducial model that includes en-
ergy injection from AGN and star formation (SF). The right y-axis
shows the efficiency for turning baryons into stars (Mseiiar /[ /5 * Mhato);
where the factor of f;, = 0.17 is the cosmological baryon fraction). The
impact of including star formation feedback in the model is to reduce
the efficiency of converting baryons into stars in low mass haloes. For
massive haloes, energy injection from AGN is required in order to re-
duce these efficiencies. Such effects are required in most models in
order to reproduce many observable properties of the massive galaxy
population.
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energy required to explain the observations. By releasing
~10% of the rest-mass energy of accreted material, they
are phenomenal energy sources[18, 2]. For example, dur-
ing the formation of a ~10® M, black hole ~10°* Joules of
energy is released, which is two-to-three orders of magni-
tude more energy than the binding energy of a typical host
galactic bulge and is comparable to the thermal energy of
the gas in the galaxy halo. Consequently, if only a small
fraction of this energy is able to couple to the gas it will
be capable of regulating black hole growth and the star
formation in the host galaxy (see Box 1).

Whilst it is theoretically attractive to invoke AGN as a
mechanism to regulate the rate of star formation in massive
galaxies, this can only be credible if backed up by observa-
tional evidence. The observational task is to assess if and
how accretion energy couples to gas and what resulting
impact this then has on star formation in the AGN host
galaxies.

Methods of energy injection by AGN

The energy released by black hole accretion (AGN) may
be radiative (i.e., energetic photons) or mechanical (i.e.,
energetic particles)[19, 7, 20]. In models, radiative energy
injection is sometimes called “quasar” or “wind” mode and
is usually associated with high Eddington ratios (=0.01;
i.e., mass accretion rates that are 1% of the theoretical
maximum “Eddington limit”). In contrast mechanical en-
ergy injection is sometimes called “radio” or “jet” mode
and is associated with low Eddington ratios. Early ana-
lytical models invoked galaxy-wide gas outflows, initially
launched by accretion radiation coupling to the gas on
small scales, to explain the observed scaling relationships

Box 1 | A schematic diagram to illustrate the relationships be-
tween fuel supply, galaxy growth and black hole growth.

Both AGN and star formation are fuelled by cold gas that originates from
a shared (potentially hot) gas reservoir inside the galaxy halo. This gas
reservoir can be fed by gas-rich mergers, by recycled material from
internal galactic processes and by accretion of gas from intergalactic
material. The amount of gas and the ability for this gas to cool deter-
mines the amount of usable fuel that can be used for feeding black hole
growth and star formation. In the case of providing the fuel for black
hole growth the material has the additional challenge of losing suffi-
cient angular momentum to reach the inner sub-parsec region of the
galaxy. Both processes are known to inject energy and momentum (via
radiation, winds and jets) that can reduce the availability of usable fuel
through ionising, heating, shocking or expelling material, and hence pro-
vide self-regulatory feedback mechanisms. A key component of most
galaxy formation models is that these two processes can also have a
positive or negative impact on the usable fuel supply for the other pro-
cess (black and grey arrows). The focus of this article is observational
results on the impact of black hole growth on star formation.

between galaxies and black holes[21, 22]. In hydrodynami-
cal simulations energy injection from AGN is often crudely
implemented; for example, by assuming a small fraction
of the total radiative luminosity of accreting black holes
couples thermally to the surrounding gas, with the result
of expelling material from the host galaxy in an outflow
and suppressing star formation[23, 24]. However, recently
simulations have incorporated more complex prescriptions
for “feeback” by invoking and testing multiple modes of en-
ergy injection[7, 25, 20]. Observational constraints on the
different feedback prescriptions are a critical test of these
models.

Based on the above, it is convenient to classify ob-
served AGN into two broad categories: those for which
their energetic output is predominantly radiative (radiative
AGN) and those for which it is predominantly mechanical
(mechanically-dominated AGN)[26]. Radiative AGN are lu-
minous in X-rays, optical and/or infrared emission (some-
times also in radio emission) and are rare among the galaxy
population as a whole (< a few percent)[27]. Mechanically-
dominated AGN are usually identified through luminous ra-
dio emission[28]; however, those identified are found in the
most massive systems and a rare subset of all galaxies which
host low black hole accretion rates[26].

Mechanically-dominated AGN are pre-dominantly found
in the most massive galaxies (Mgelar >10'! M) with old
stellar populations, at least in the local Universe, whilst
radiative AGN are most common in galaxies with on-going
star-formation and younger stellar populations at all cos-
mic epochs[29, 28, 30]. Consequently, these two cate-
gories of AGN may represent distinct evolutionary phases
and/or distinct black hole accretion mechanisms depending
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on the host galaxy mass and environment[31, 26]. There-
fore, when assessing the impact of AGN on star formation it
is important to consider these AGN types separately. Care
is especially required for AGN that are identified through
luminous radio emission that are increasingly more mechan-
ically dominated towards later cosmic times (i.e., redshifts
z < 1) and are increasingly more radiatively dominated at
early cosmic times[32, 33].

Although the details remain uncertain there is com-
pelling observational evidence, at least in the local Universe
and in the densest environments, that radio jets driven
by mechanically-dominated AGN can maintain host galaxy
star formation at low levels. This is achieved by suppressing
the ability for hot gas to cool (see Box 1) and has been re-
viewed extensively in the literature[19, 34, 35]. However, it
is not yet fully understood what role AGN play in less dense
environments[19, 36] or if gas needs to be ejected dur-
ing earlier AGN episodes for these mechanically-dominated
AGN to be effective at regulating gas cooling[37]. Further-
more, for these massive galaxies most of the galaxy and
black hole growth occurred at earlier cosmic epochs than
where this radio jet heating has been identified[38, 39] and
it is not yet clear what quenched the earlier high rates of
star formation in these systems[40].

To work towards addressing the outstanding issues raised
above and to fully characterise the impact of AGN on star
formation it is crucial to study and understand the role
of radiative AGN. This is particularly true at early cosmic
times (i.e., z = 0.5), when significant levels of black hole
and galaxy growth were occurring. The remainder of this
review will focus on the observational evidence for the im-
pact of radiative AGN on star formation. As described in
Box 2 a common theme throughout the following sections
will be awareness of the relative and uncertain timescales of:
(1) visible AGN episodes; (2) star formation episodes and;
(3) the impact of AGN energy injection on star formation.

Observing the mechanism of energy
injection by radiative AGN

A common approach towards understanding the impact of
AGN on star formation is to search for and to characterise
a mechanism by which AGN are injecting energy and/or
momentum into the gas in their host galaxies (see Box 1).
For example, outflows may remove gas from the host galaxy
and have the effect of suppressing star formation. Alterna-
tively, AGN might kinematically disturb, compress, shock
and/or heat the gas via outflows or jets and consequently
reduce or enhance the ability for the gas to form stars. It
is not the purpose of this review to comprehensively cover
the huge amount of observational work on outflows or jets
driven by radiative AGN (see [41, 42, 35, 12]). However,
below | focus on some of the observational work that specif-
ically investigates the impact that these outflows may have
on star formation.
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Box 2 | Eddington ratio versus times for an example simulation
of an AGN to illustrate variability.

As discussed in detail in [98] various observational work indicates that
AGN luminosities (Lagn), in particular those derived from optical and/or
X-ray continuum measurements that trace effectively instantaneous
mass accretion rates, vary on orders of magnitude on times scales
much shorter than the typical timescale of star formation episodes
(=100 Myrs). Similar results are reached by AGN simulations; for ex-
ample, the figure presents the results of the Eddington Ratio (propor-
tional to the mass accretion rate and AGN luminosity) as a function of
time for an example hydrodynamical simulation[99]. This model pre-
dicts that accretion rates can vary by several orders of magnitude on
timescales of <1Myr. Consequently, measured AGN luminosities may
provide little information on the cumulative energy released over the
relevant timescales for star formation. Understanding the timescales
traced by the various AGN luminosity indicators is crucial for our inter-
pretation of the impact of AGN determined from observations. Further-
more, the relative timescales of a visible luminous AGN and the time
taken for any resulting impact on the observed star-formation rates are
very uncertain. Crucially, even when the AGN is responsible for enhanc-
ing or decreasing the star-formation rate in the host galaxy, it is most
likely that the AGN luminosity will vary much more rapidly than the star-
formation rates[100, 94]. Such effects are important to consider when
assessing the impact of AGN on star formation through observations.
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Figure 2 | Ratio of H, mass outflow rate to star formation rate
as a function of AGN luminosity for low redshift ULIRGs and
quasar host galaxies[50]. These measurements imply that molec-
ular gas is being removed by AGN-driven outflows faster than it can
be formed into stars. A representative error bar is shown in the top
left, but this does not include the large and unknown uncertainty on

converting CO to H, masses[50].

Radiatively-driven AGN outflows are known to be com-
mon on small spatial scales, i.e., close to the accretion
disk, in the form of the extremely high speed winds that
are identified in X-ray and ultra-violet spectroscopy (up
to v~ 0.1-0.2x the speed of light[43, 44]). These winds
have the potential to provide the feedback mechanism for
self-regulating black hole growth (Box 1). Furthermore,
lower velocity outflows in multiple gas phases (i.e., out-
flows of ionised, neutral and molecular gas) have been
identified using one-dimensional spectra of AGN host galax-
ies and are more likely to be associated with host galaxy
gas[45, 46, 47, 48]. In some cases these outflows are in-
ferred to be located on 100s—1000s of parsec scales by ap-
plying a variety of modelling techniques, such as radiative
transfer and photoionization models, to the information
extracted from the spectra[47, 46]. What is even more
pertinent is the direct detection of outflows on kiloparsec
scales, in multiple gas phases, using spatially-resolved kine-
matic measurements[41, 49, 50, 51, 52]. Only if AGN can
influence gas on Zkiloparsec scales will they be able to
have a significant impact upon the galaxy-wide star for-
mation in their host galaxies. Understanding how AGN
accretion disk winds couple to multi-phase gas on galaxy-
wide scales is an on-going observational and theoretical
challenge[53, 54, 12].

Example evidence that AGN-driven outflows may have a
significant impact upon star formation is that the measured
mass outflow rates of molecular outflows in rare low redshift
ultra-luminous infrared galaxies (ULIRGs) and quasar host
galaxies appear to exceed the concurrent star-formation
rates[50] (see Fig. 2). Consequently star-forming mate-

rial appears to be being removed more rapidly than it can
be formed into stars in these galaxies. Similar arguments
have also been made for more typical AGN host galax-
ies using a variety of gas tracers[55, 51]. However, there
are various difficulties involved with deriving the measure-
ments and performing these analyses, with dramatically dif-
ferent results possible when applying different techniques,
making different assumptions or when using different gas
tracers[51, 56, 57, 58]. Furthermore, understanding the
timescale on which these outflows occur is troublesome
and crucial for the interpretation on the long term impact of
these outflows[58]. Particularly challenging is making these
measurements beyond the local Universe, where, without
excellent observations using adaptive optics or interferome-
ters the spatial resolution can be comparable to, or higher
than, the spatial extents of the outflows.

Towards a more direct indication that AGN-driven out-
flows may influence star formation, there have been obser-
vations of a small number of distant luminous AGN (z =
1-3) that show evidence for an anti-correlation between
the spatial location of an ionised outflow and the location
of narrow Ha emission (a star-formation tracer)[59, 60].
These results may indicate that star formation has been
reduced in the regions of the outflow, although an alterna-
tive possibility is that these diffuse outflows preferentially
escape away from the dense star forming material[61]. In-
deed, AGN-driven kiloparsec scale outflows are often found
co-incident with high levels of on going star formation[50,
62]. In some cases, observational papers have also reported
evidence of regions of enhanced star formation due to AGN-
driven outflows or jets, and even suppression and enhance-
ment working simultaneously in the same galaxies[63, 64].

Whilst much work has focussed on the idea that AGN
should be able to evacuate galaxies of star-forming material,
studies of nearby galaxies making use of (sub)-millimetre
observatories have indicated that complete evacuation of
cold molecular gas from a host galaxy is not a pre-requisite
to shut down an intense star formation episode. Systems
with a large molecular gas reservoir can be forming stars
less efficiently than “typical” galaxies with the same molec-
ular gas mass, potentially due to the injection of turbu-
lence which inhibits the formation of gravitationally bound
structures[65, 66, 67, 68]. In some sources AGN seem to
be the most likely energy source[68, 66].

Observations have clearly identified that AGN can in-
ject considerable energy/momentum into their host galax-
ies and investigation into the observable impact of this en-
ergy injection on star formation in individual galaxies is on-
going. However, one of the greatest on-going challenges
with these types of studies is to determine what long term
impact AGN can have on their host galaxies. For example,
even if measured outflow rates are very high (e.g., Fig. 2)
and/or the star formation efficiencies are very low, it is not
clear how long these episodes will last or if re-accretion of
material will trigger future star formation. Furthermore, di-
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rectly relating these episodes to the energy released by the
central AGN is challenging due to the uncertain timescales
of visible AGN activity and the resulting measurable impact
(see Box 2). Insight may be obtained from statistical stud-
ies of the star formation properties of galaxies with and
without a visible AGN.

Star formation properties of radiative AGN
host galaxies

Towards assessing the impact of AGN on star formation,
there has recently been an abundance of studies investigat-
ing the star formation rates of large samples of AGN host
galaxies. Studies of purely mechanically-dominated AGN,
at least for the most radio luminous, consistently find that
they reside in low star-formation rate host galaxies[69, 70,
71]. However, for radiative AGN the conclusions have var-
ied widely in the literature, with claims of star-formation
rates that are: unrelated to AGN luminosity[72], enhanced
for the most luminous AGN[73], inhibited for the most lu-
minous AGN([74] or both enhanced and reduced depend-
ing on the wave-band used to trace the luminosity of the
AGN[75, 76].

The conflicting conclusions for the star-formation rates
of radiative AGN can largely be attributed to the differ-
ent samples and approaches used. For example: (1) low
numbers of the most luminous AGN can lead to statisti-
cal fluctuations; (2) it is difficult to convert photometric
measurements into star formation rates (e.g., because of
dust attenuation of optical and ultra-violet emission and
the challenges of removing the AGN contribution to the
emission at all wavelengths); (3) samples that only consider
AGN that are detected in far-infrared surveys will be biased
towards higher star-formation rates and (4) samples that
are radio bright may contain both high star-formation rate
radiative AGN and low star-formation rate mechanically
dominated AGN. Another fundamental factor to consider,
is how the underlying correlations between star-formation
rate and both redshift and stellar mass are accounted for
in each study. For example, a positive correlation between
star formation rate and AGN luminosity may be driven by
the fact that the most luminous AGN are hosted by the
highest stellar mass galaxies.

The studies that contain some of the largest samples
of AGN host galaxies, that have simultaneously taken into
account redshift and stellar mass and that have applied
uniform techniques across their samples find that average
star-formation rates are independent of AGN luminosity[77,
78, 79, 80] (Fig. 3). Does this result indicate that radiative
AGN have no positive or negative impact on galaxy-wide
star formation rates? Addressing this question is non-trivial
as it is extremely challenging to interpret the empirical re-
sult. As described in Box 2 the relative timescale of an
AGN to be luminous compared to the timescale for any
impact on the observed star formation rates are very un-
certain. Furthermore, some models suggest that AGN are
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Figure 3 | Mean star formation rate versus instantaneous
black hole accretion rate for a cosmological simulation[81]
and versus AGN luminosity (converted from X-ray luminosi-
ties) for observations[79]. The dotted lines are a linear fit to the
running means for the model (solid curves). The logarithm of the av-
erage 30 kpc aperture stellar masses (in stellar mass units) of the first
and last bin are labelled; the slight increase in mean star-formation
rate with increasing accretion rate is attributed to the increasing av-
erage stellar masses. Despite effective star-formation suppression
by AGN in the model, this does not result in reduced average star-
formation rates for the highest instantaneous black hole accretion
rates (i.e., AGN luminosities).

unable to have a direct impact upon concurrent star for-
mation but instead the cumulative effects of multiple AGN
episodes may inhibit future star formation[61]. With these
aspects in mind, it clearly limits what can be inferred from
the star-formation rates of AGN without complementary
theoretical predictions.

It is informative to obtain a prediction on the star for-
mation rates of AGN from a cosmological model that re-
quires the suppression of star formation during periods of
rapid black hole growth to reproduce observable galaxy
properties. For example, in agreement with the data, the
reference model of the EAGLE simulations (that includes
thermal energy injection from AGN)[82] shows no evidence
for reduced average star formation rates with increasing
black hole accretion rate[81] as shown in Fig. 3. In Fig. 3:
the star formation rates are galaxy-wide, are averaged over
100 Myrs to broadly match the observed far-infrared mea-
surements and are shifted up by 0.2dex, to account for
a systematic offset seen for all galaxies in the simulation;
the instantaneous black hole accretion rates are converted
to bolometric AGN luminosities assuming a radiative effi-
ciency of 10% (all details in [81]). Due to accretion rate
variations that happen more rapidly than the star formation
rate variations, the effects of star formation suppression
does not result in a negative trend in the star-formation
rate versus AGN luminosity plane. Although based on a
single model, this test highlights that it is not possible to
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conclude a lack of impact by AGN upon star formation
based purely upon an empirical result where average star-
formation rates are not reduced for galaxies that host the
most instantaneously luminous AGN.

Further insight will be gained on this topic by analysing
the full distributions of star formation rates (not just sim-
ple averages) for radiative AGN host galaxies[83, 78, 84, 71,
70] in the context of theoretical predictions. Furthermore,
further work using detailed spectra to assess the star forma-
tion histories of AGN host galaxies, in tandem with specific
model predictions on how AGN and star formation interact,
will also provide insight into the observable signatures of
the impact of AGN[85, 86]. However, as | will suggest in
the next section investigating the massive galaxy popula-
tion as a whole, irrespective of the presence of a luminous
AGN, may yield some of the most informative results on
the impact of AGN on star formation.

Star-formation rates of massive galaxies

As already described, it is a popular and effective method in
galaxy formation models to invoke AGN to reduce the star
formation of the most massive galaxies (Fig. 1). Even the
most simple “empirical” galaxy formation models require
some process to “quench” the most massive galaxies[87].
Therefore, insight into the impact of AGN on star forma-
tion may be gained from investigating the star-formation
rates as a function of stellar mass. In the star-formation
rate versus stellar mass plane, galaxies are generally classed
into two categories; “star-forming galaxies” that follow a
relatively tight positive relationship between star-formation
rate and stellar mass and “quiescent galaxies” that fall be-
low this relationship, where the fraction of quiescent galax-
ies increases with stellar mass[16, 88, 89].

Recent work has shown that star-forming galaxies with
low stellar masses, i.e., below < few %1010 Mg, follow an
almost linear relationship between average star-formation
rate and stellar mass whilst more massive star-forming galax-
ies, both with and without a luminous AGN, have a shal-
lower slope[89, 90, 91] (Fig. 4). This reveals that the star-
formation rates per unit mass are smaller in the galaxies
above this stellar mass threshold. This effect is observed to
already be in place ~23 Gyrs after the Big Bang (redshift z ~
2) although the exact form of the star-formation rate ver-
sus stellar mass relationship evolves with time[88, 89, 90]
(Fig. 4). Consequently, it is a useful exercise to investigate
the role of AGN in reducing the relative growth rates of
the most massive galaxies using model predictions.

Fig. 4 shows the running average star-formation rate
as a function of stellar mass of galaxies from two runs
of the cosmological hydrodynamical EAGLE simulations;
the 50 Mpc? box reference model (where AGN are effec-
tive in regulating star formation) and an identical run, ex-
cept where AGN are “turned off"[82, 11]. Following [81],
the star formation rates are total values and the stellar
masses are 30 kpc aperture values (taken from the EAGLE
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Figure 4 | Mean star formation rate versus stellar mass for
observed star-forming galaxies[90] (a) and galaxies in a cos-
mological model run both with and without AGN[82, 11] (b).
More massive galaxies form stars more rapidly; however, the highest-
mass galaxies (Myenar = 10'° M) are observed to fall below a con-
stant scaling relationship implying a reduction in the ability for the
available baryons to be converted into stars[89, 90]. In the model, the
impact of AGN is to reduce star formation rates of high mass galaxies
as well as to reduce the overall number of massive galaxies. Note
that error bars are smaller than the data points in most cases[90].

database[92]). Averages are only calculated for stellar mass
bins containing more than 15 galaxies. These two runs of
the same simulation provide qualitative insight into the im-
pact of AGN on the observed star-formation rate versus
stellar mass plane (Fig. 4). In the model, it can be seen
that AGN are responsible for creating a shallower slope at
the highest stellar masses as well as reducing the overall
number of massive galaxies[82, 11]. The builders of the
Horizon-AGN hydrodynamical cosmological simulation re-
cently performed a similar test by running the simulation
with and without AGN feedback and came to the same
conclusion: the effect of AGN is to significantly reduce the
star formation rates of massive galaxies with the magnitude
of suppression increasing with stellar mass[93]. Therefore,
it appears that the observational signature of AGN sup-
pressing star formation may be imprinted on the reduced
average star formation rates per unit stellar mass for the
most massive galaxies (Fig. 4) and not on reduced average
star formation rates for the most instantaneously luminous
AGN (Fig. 3).

The results described above, and other recent work,
highlight that investigating the star formation properties for
populations of massive galaxies, not just AGN-host galax-
ies, at multiple cosmic epochs is a critical test for different
AGN feedback prescriptions[94, 95, 96, 97].

Conclusions

Some of the key conclusions brought up in this review are:
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(1) Local mechanically-dominated AGN are energeti-
cally capable of regulating gas cooling on large scales via
radio jets in the most massive haloes and consequently reg-
ulating star formation inside their host galaxies. However,
it is uncertain what “quenched” the high levels of star-
formation that previously occurred in these galaxies and
what role these AGN play at early cosmic epochs (z = 0.5)
and in less dense environments.

(2) Radiative AGN are observed to be driving outflows
in multiple phases of gas. For many galaxies, measure-
ments of energy and mass outflow rates have implied that
star formation could be suppressed by the removal of star-
forming material. However, the long-term impact of these
events is unclear. In a few cases AGN-driven jets are also
observed to be triggering local episodes of star formation.

(3) The suppression or regulation of star-formation by
an AGN does not need to be the result of the complete evac-
uation of gas from a galaxy. Observations of turbulence,
shocks and heating by AGN jets and outflows suggest that
they are able to reduce the efficiency of converting the
available gas supply into stars without the need to remove
it.

(4) The most massive galaxies (Mgeiar = 10'° M) have
low star formation rates per unit stellar mass across multi-
ple cosmic epochs. Although not conclusive, this could be
due to star formation suppression by the cumulative effect
of AGN episodes.

(5) The timescales of various feeding and feedback pro-
cesses remain uncertain. For example, AGN may no longer
be visible or luminous when the impact that they have
had becomes observable. Consequently, great care must be
taken when using empirical results to draw conclusions on
“smoking gun" evidence for or against the impact of AGN
upon star formation. Whilst we may observe the “smoke”
(e.g., outflows and/or reduced star formation rates) the
“gun” (i.e., the AGN) may no longer be visible.

Future prospects

Further work combining specific theoretical predictions with
observations is required to make significant progress in un-
derstanding the long term impact of AGN on their host
galaxies. Hydrodynamical cosmological models provide the
means to make predictions on the star-formation proper-
ties and their evolution of statistical samples of galaxies
using a variety of feedback models. In parallel to this, high-
resolution simulations can indicate what the observational
signatures are for various mechanisms of how AGN could
transfer energy and momentum into the gas in individual
galaxies.

From observations, over the next five to ten years we
can expect to see considerable progress in the number of
high-quality measurements to test these models. For exam-
ple, the upgrade of (sub)-millimetre interferometers such as
ALMA and NOEMA will produce sensitive, high resolution

observations of dust emission and molecular gas in an in-
creasing number of sources across multiple cosmic epochs.
Such observations will significantly reduce the uncertainties
on derived quantities such as star formation rates and mass
outflow rates. Forthcoming facilities such as JWST (due to
be launched in 2018) and 30m-class telescopes (expected
first light in the early 2020s) will enable us measure gas
inflows, outflows and host galaxy properties (such as stel-
lar masses and star-formation histories), to unprecedented
precision for large samples of extremely distant galaxies
(z>1). Furthermore, the data from eROSITA (due to be
launched in 2018) will yield X-ray identification of millions
of AGN, which could provide a key role in testing model
predictions on large, statistical samples of AGN host galax-
ies.
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