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Not all the light in galaxy groups and clusters comes from stars that are bound to galaxies. A significant fraction of it

constitutes the so-called intracluster or diffuse light (ICL), a low surface brightness component of groups/clusters

generally found in the surroundings of the brightest cluster galaxies and intermediate/massive satellites

galaxy clusters  galaxy formation  galaxy evolution

1. Definition of the ICL

The ICL is an important component in galaxy clusters that fills the space between galaxies, but it is not easy to fully

detect. The literature has plenty of beautiful images that can help to understand the importance of such a

component. Two of them are shown in Figure 1. The top panel of Figure 1 (from Iodice et al. ) displays the ICL

(r-band) on the west side of the Fornax cluster. In the top-right panel of the figure, the authors show a map of the

ICL, which is a residual image after having masked the contribution coming from the early-type galaxies present in

the area. The bottom panel (from Ragusa et al. ) displays a deep VST image in the g band of the HCG 86 group

(but see also  and references therein for the Coma cluster, and  and references therein for the Virgo cluster).
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Figure 1. Top panel: An example of ICL in the Fornax cluster in r-band. Left panel: the blue contours are the spatial

distribution of the globular clusters derived by . Right panel: zoom-in of the west side where it is possible to see

how the ICL distributes in the intra-cluster space. Credit: Iodice et al. . Bottom panel: a recent example of ICL (in

this case intragroup light) in the HCG 86 group. The grey detection indicated also by red arrows is the detection of

the diffuse light. Credit: Ragusa et al. .

On the observational side, the most common method used is the “isophotal limit cut-off” (e.g., ) in surface

brightness, which assumes that the ICL is the remaining component below the cut, after having removed the

contribution coming from other sources, such as sky and satellite galaxies. Another method that is increasingly

being used lastly relies, instead, on profile fittings with functional forms to model the BCG + ICL component (e.g.,

).

On the numerical side, given the large amount of information available (not achievable in observations), the ICL

can be defined, e.g., by taking advantage of the dynamical information provided by the simulation (e.g., ), or by

using some binding energy definitions in order to separate all the stars that are not bound to any galaxy (e.g., ).

Of course, numerical techniques can mimic the observational methods, i.e., surface brightness cut and profile
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fittings can be reproduced in simulations (see  and many others). Below, I will summarize, by providing

some examples, the most common observational and theoretical approaches in separating the BCG from its

associated ICL.

1.1. Observational Methods

As mentioned above, the two most common methods to define the ICL observationally rely only on the light that

one can observe. The easiest, but not trivial, way to separate the ICL from the rest (after having removed the

contribution from other sources, BCG included) is by assuming a cut (different depending on the band) in the

surface brightness. Clearly, the cut that can be chosen is quite arbitrary, and there is no value decided a priori that

can be adopted as the standard one. This method has been used, and still is, by several authors (see references

above). For example, Zibetti et al.  analyzed the spatial distribution and color of the ICL by stacking almost 700

galaxy clusters in the redshift range    taken from the first release of the Sloan Digital Sky Survey. The

authors traced the surface brightness profile of the ICL out to 700 kpc and found that it ranges from 27.5

mag/arcsec  at 100 kpc to down to around 32 mag/arcsec  at 700 kpc in the  band. The contribution of the ICL

was found to increase with the distance from the center and later studies (e.g.,  and others) confirmed it.

Despite the common use of this method, it suffers from two non-negligible problems: (1) it does not account for the

ICL that overlaps with the BCG in the transition between the two components; (2) the ICL is contaminated by the

contribution of large galaxies in the cluster (see, e.g., ). Presotto et al.  developed a method to obtain refined

versions of typical BCG + ICL maps that can be obtained with simple surface brightness cuts. Their method

focused mainly on the removal from the map of the light coming from satellite galaxies (the so-called masking).

In  Figure 2, a comparison is shown between the standard method of surface brightness cut (blue lines and

symbols) and the results with their approach (red lines and symbols). They find that the standard surface

brightness cut method systematically overpredicts the fraction of ICL as a function of distance from the center,

independently of the particular cut used. It must be noted, however, that there are observational studies (e.g., 

for the Abell 85 cluster) that found the opposite trend, i.e., the surface brightness cut method gives a lower fraction

of ICL than, e.g., the profile fitting method. Figure 2 shows also that a standard surface brightness cut has a steep

increase from the core to around 100 kpc (in the particular case of MACS J1206.2-0847, which is a massive galaxy

cluster at    and part of the CLASH sample ) followed by a plateau. On the other hand, Presotto et al.’s

masking causes the ICL contribution to drop at large radii, suggesting that most of the ICL is concentrated close to

the BCG, which is in good agreement with several recent observational and theoretical results (e.g., ).
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Figure 2.  The ICL fraction as a function of distance from the center for different surface brightness cuts and

different ICL measurements methods. Blue symbols and lines refer to the standard surface brightness method,

while red symbols and lines refer to the method developed in Presotto et al.  for masking satellite galaxies.

Credit: Presotto et al. .

The other most common method consists of using functional forms, such as a double/triple Sersic profile, to fit the

light distribution (see references above). There are several ways to achieve it. For example, Montes et al.  used

the code GALFIT ( ) to map the 2D distribution of each component, BCG and ICL, with a double Sersic profile

(one for each component). Zhang et al.  used a triple Sersic profile to 1D fit the azimuthally averaged surface

brightness stacked profile of 300 BCG + ICL systems. They found that, as shown in Figure 3, the overall profile

can be approximated with the sum of a core, a bulge and a diffuse components (a similar conclusion has been

reached earlier by Kravtsov et al. ). The three components are dominant at different distances from the center.

According to the parameter of the fit by Zhang et al. , the core is dominant within 10 kpc, the bulge is dominant

between 30 and 100 kpc, and the diffuse component is dominant outside 200 kpc. An advantage of this method lies

in the fact that it can separate the two components in a more reliable way than a surface brightness cut where BCG

and ICL overlaps, but it is strongly dependent on the functional forms chosen. For instance, Zibetti et al.  showed

that the distribution of the ICL can be described with an NFW profile . The idea to link the ICL distribution with

that of the DM has been used also in theoretical studies such as . In Contini; Gu , the BCG + ICL mass

distribution is described by the sum of three different profiles: a Jaffe  profile for the bulge, an exponential disk

and a modified version of an NFW profile for the ICL.
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Figure 3. The BCG + ICL light profile from Zhang et al.  resulted from the stacking of around 300 clusters at

redshift  . The authors found that it can be approximated with three Sersic components (black solid line): a

core (dotted line), a bulge (dashed line) and diffuse (red dashed line) components. See text for further details.

Credit: Zhang et al. .

It is worth mentioning another approach for detecting the ICL that has recently been having some success, a

method that makes use of multiscale, wavelet-based algorithms. There are several examples of this approach that

have been used in recent years (e.g., ). One of the latest, just to quote an example, is the code

called DAWIS (  and references therein). DAWIS is an algorithm, based on wavelet representation, built to

restore the unmasked light distribution of given sources as much as possible. Ellien et al.  compared the

performance of DAWIS with the more common methods described above and found that it can separate the ICL

from other sources more efficiently (in the sense that DAWIS performs better) than other methods and is also able

to recover a larger quantity of ICL given the way it treats the sky background noise. For readers interested in the

details of DAWIS and similar former algorithms of the same family, I refer them to Ellien et al.  and references

therein.

1.2. Theoretical Methods

Given the fact that, by definition, the ICL component is made of stars that are not gravitationally bound to any

galaxy in the cluster, but only to the cluster potential, the natural way to define it would be to find some binding

condition such that, all the stars obeying to it can be classified as ICL stars. This condition can be given by

the binding energy of star particles with respect to the cluster galaxies. Without entering the details of the method,

it is possible to calculate the gravitational potential energy as a function of radius of any given galaxy. In this way,

one is able to measure the binding energy of each star particle to each galaxy and collect all those stars that are
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not bound to any galaxy (see e.g., ). The collection of these stars will constitute the ICL component of

the cluster.

However, despite the binding energy method being efficient in finding stars not bound to satellite galaxies, it does

not succeed in separating the BCG from the ICL. Indeed, given the fact that the BCG is placed at the center of the

cluster potential, it is not possible to distinguish its mass density profile from that of the cluster itself. In order to

completely separate the two components, a few accompanying solutions have been suggested. The most common

one has been introduced for the first time by Dolag et al. , who used the kinematics of the two components to

separate the BCG from the ICL. They found that it is possible to fit the velocity distribution of BCG + ICL with two

Maxwellians having different velocity dispersions, and suggested that they correspond to the two

components. Figure 4 from Dolag et al.  shows the result of their fit: The total velocity distribution of BCG + ICL is

marked with a black histogram and its double Maxwellian fit with a grey line. The red and the blue histograms

show, instead, the velocity distributions of the BCG and ICL stars, and the corresponding red and blue lines are the

two separated Maxwelllians.

Figure 4. Total velocity distribution of BCG + ICL is marked with a black histogram and its double Maxwellian fit

with a grey line. The red and the blue histograms show the velocity distributions of the BCG (called cD in the plot)

and ICL (called DSC, diffuse light component, in the plot) stars, and the corresponding red and blue lines are the

two separated Maxwellian distributions. Credit: Dolag et al. .

Another method usually used in numerical simulations (see,  and others) relies on the  three-dimensional

mass density. This method consists of calculating the mass density of each star particle within a sphere of radius
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equal to the distance of a given N-th nearest neighbor. The further assumption is a threshold density below which

the particles can be assigned to the ICL component. The weaknesses of this method lie mainly in identifying ICL

particles in high-density regions, and especially in the cluster center. A way to partly overcome this problem has

been proposed by Rudick et al. , where they look at the density history of each particle, rather than that at a

given time, and a particle already classified as ICL remain classified as ICL regardless of its future evolution.

Clearly, with respect to the aforementioned method, a density-based approach introduces more free parameters,

depending on the level of accuracy that one wants to achieve.

In the list of numerical methods, it is also worth mentioning some semi-analytical approaches. In semi-analytic

models, the definition of the ICL does not constitute an issue, given the fact that the amount of ICL is provided by

the solution of a set of equations, and its properties depend only on the particular implementation used to describe

its formation and evolution. There have been several attempts to describe the formation of the ICL in semi-analytic

models, but for the sake of simplicity, I will report only two amongst the most recent.

Guo et al.  assumed that the ICL forms from the stellar component of satellite galaxies that are subject to tidal

forces after their parent substructures have been totally stripped. These kinds of galaxies are usually referred to

as orphans to indicate that their parent subhalo went under the resolution of the simulation. At the pericenter, the

main halo density is compared with the average baryon density of the satellite within its half mass radius. If the

former is larger than the latter, the satellite is assumed to be disrupted and its stars are assigned to the ICL

component. This approach, however, suffers from important limitations. A complete disruption of satellites is less

likely than a partial stripping, i.e., some amount of mass stripped. It is indeed more likely that satellite galaxies are

subject to several stripping events rather than being totally disrupted in a single one. Moreover, it has been shown

that the stripping of the stellar component starts before the complete stripping of the DM subhalo (see, e.g., ).

A more realistic representation of the stellar stripping was implemented first in Contini et al. , then revisited in

Contini et al.   . In the so-called tidal radius model, the authors assumed that a satellite can lose stellar mass

in a continuous way, with several stripping events. The model, at each time step, calculates the tidal radius   of

the interaction between the cluster potential and the satellite, at the distance of the satellite from the cluster center.

A satellite is modeled as a two-component system, bulge and disk. If the tidal radius   is smaller than the radius of

the bulge, the satellite is assumed to be destroyed, but if it is larger than the bulge radius and smaller than the

radius of the satellite, the mass of the disk in the shell between the two radii is stripped and ends up as the ICL

component. This method is not only applied to orphan galaxies but also to satellites that still have a DM subhalo.

The extra requirement for these satellites is that the half mass radius of the subhalo is smaller than the half mass

radius of the disk, which translates into a substantial amount of DM stripped (in accordance with numerical

simulations). To account for the stellar mass that gets unbound during galaxy mergers (see, e.g., 

and others), the model also considers the merger channel. At each merger, minor or major, 20% of the stellar mass

of the satellite that is merging with the central galaxy is added to the ICL component.

2. Formation Mechanisms
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2.1. Pre-Processing

What are we referring to when we use the term pre-processing? Usually, the term pre-processing refers to any

material that ended up somewhere but that has been processed elsewhere. The ICL is a clear example of such

material. Indeed, part of it has been pre-processed in galaxy groups and then later accreted in clusters. This is a

natural consequence of the hierarchical formation of structures. DM haloes continue accreting smaller objects with

time, thus increasing their mass. In a very simplified manner, the process can be thought of as follows: at high

redshift, DM haloes tend to be smaller and less massive than present day clusters, but galaxies within them start to

interact with each other and eventually merge. This lead to the formation of the first ICL stars in galaxy groups

(usually called IGL). However, due to the hierarchical nature of the formation of DM haloes, these high redshift

smaller haloes will be later accreted by other larger objects, carrying the ICL already formed. In summary, we refer

to pre-processed ICL any ICL formed in the past and later accreted (With the term accretion, I mean that the ICL is

added to the entire cluster, and becomes part of the ICL already present.). When galaxies were originally centrals,

they probably had some ICL associated with them. By being accreted (i.e., they become satellites), they carry their

ICL with them, but due to the tidal interactions with the potential well of the new DM halo, their ICL is stripped and

becomes part of the diffuse light already present in the accreting halo.

In terms of DM, pre-processing has been shown to be quite an important process. For example, Han et al. 

found that almost 50% of members in present day clusters were satellites of other hosts, although the fraction

depends on the particular mass accretion history of each cluster. Galaxies sit inside DM haloes, so it is natural to

expect that a given fraction of the current ICL was produced in the past and then accreted. Contini et al. 

showed that pre-processing is particularly important for high mass BCGs that reside in clusters, and it can

contribute to 30% of the total amount of ICL for the largest BCGs and slightly less than 10% for the smallest BCGs

(which are called BGGs when residing in groups), as shown in the top panel of Figure 5.

[47]
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Figure 5. Top panel: fraction of ICL that has been accreted as a function of the mass of the BCG for different

flavors of the model described by Contini et al. . Bottom panel: fraction of the ICL coming from the merger

channel as a function of BCG stellar mass. Credit: Contini et al. .

A direct example of an ongoing pre-process mechanism is given by the Virgo cluster. Virgo is a nearby galaxy

cluster with a moderate richness, and given its vicinity, its structure has been well studied. Precisely its structure

makes Virgo an interesting object to study. Virgo can be divided in two subclusters: One of them is centered around

M87, a giant elliptical, and the other is centered around another giant elliptical, M49. There are other smaller

subclusters that can be identified, such as those surrounding the other two elliptical galaxies, M59 and M60, and a

few clouds of galaxies named M, W and W . Clearly, Virgo is continuing to assemble today and it is far from being

at the final stage of its assembly. This makes it particularly interesting for studies that look at the connection

between the dynamical state of clusters and their ICL amount and distribution. Mihos et al.  recently showed that

the W  cloud in Virgo is a nice example of pre-processing played by groups of galaxies. Indeed, the ICL already

formed in the W  cloud will soon be accreted in the main body of Virgo, and given the strong tidal fields, it will be

stripped and dispersed in the global ICL already present.
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2.2. Mergers

Another possible mechanism for forming diffuse light is given by galaxy mergers, due to the relaxation processes

that take place during the very moment of a merger. Before going into the detail of this channel, it is worth

mentioning a caveat. Mergers are not a well-defined process, in the sense that there is not a clear definition of

when a merger starts. Of the possible definitions that can be found, all of them would be affected by the fact that

part of the stars that will become unbound can actually be classified as belonging to the stripping channel (see

discussion in ). However, in the final stage of a merger, a given fraction of the stars belonging to the satellite

galaxy merging with the central can become unbound and disperse in the ICL component of the cluster.

The literature has plenty of attempts to theoretically model this channel. In hydrosimulations, it is pretty

straightforward since it depends on the physical interactions between particles. What is not clear yet, is exactly how

to define the moment of when the merger starts, so that particles coming from this channel can be separated from

those stripped during the process. Conversely, in semi-analytic models, the definition of a merger is very neat (but

it does not necessarily mean the right one), and a merger is defined as the moment when the dynamical friction

time of the merging satellite is zero.

Murante et al.  focused on the formation of the ICL by means of hydrosimulations and found that most of it

(75%) forms through mergers between either the BCG or other massive galaxies, leaving just a small percentage

to the stripping channel. On the other hand, Contini et al.  showed that the merger channel contributes to the

total ICL with just 15%, as shown in the bottom panel of Figure 5 (cyan line), and the rest given by stellar stripping.

In Contini et al. , the authors argued that this huge difference can be easily explained by the two different

definitions of the merger channel used. Indeed, they found that 70% of the ICL coming from stellar stripping is

produced in the innermost 100 kpc, a relatively small region within which a satellite can be considered in the

process of merging. If they included this part of ICL to the merger channel, they could reach 75%, the same

percentage found by Murante et al. . In Contini et al. , the authors assumed that 20% of the mass of the

satellite galaxy merging with the central ends up in the ICL component. This fraction comes from controlled

simulations performed by Villalobos et al. , although in reality the fraction can be significantly different from case

to case, possibly depending on the orbital circularity, satellite and BCG/halo mass and other important parameters.

Similar implementations have also been used in other semi-analytic models (see, e.g., ).

From the observational point of view, understanding the relative contribution given by mergers to the ICL (and the

same for stellar stripping) is far from being easy, simply because it is not possible to trace the past of the ICL stars.

However, there are indirect methods that can provide an idea of how much mergers can contribute, and others by

looking at the properties of the ICL. For instance, some studies (e.g., ) pointed out the discrepancy between

the observed and predicted stellar mass function, and argued that a possible way to significantly reconcile the two

is by invoking a significant mass loss during galaxy mergers, quantified to be around 50% (other theoretical

studies, e.g., Contini et al.   , have shown that the observed and predicted stellar mass functions can be

matched by implementing both stellar stripping and mergers (assuming a much lower percentage than 50%).).
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However, such a high fraction of mass that ends up in the ICL component rather than the BCG seems to be in

contrast with the observed properties of the ICL.

2.3. Stellar Stripping

The last important channel for the formation of the ICL is the stellar stripping from galaxies orbiting around the

center of the cluster. Stellar stripping applies to all galaxies within a cluster, but tidal forces are responsible for it

becoming stronger in the innermost regions close to the cluster center. The efficiency of the stellar stripping, i.e.,

how strong the interaction between a central galaxy in a halo and a satellite is, depends mainly on two factors: The

environment, meaning the mass of the halo and the distance from the center, and the mass of the satellite. The

dependence on the latter comes from dynamical arguments. Indeed, due to the dynamical friction  that

subhaloes (and so galaxies within them) experience when accreted in larger haloes, they orbit around the potential

well of the halo by feeling a drag force, caused by the surrounding mass distribution, which tend to slow them down

by losing kinetic energy and momentum. This drag force is directly proportional to that mass of satellites, i.e., the

biggest travel faster to the center, where they are more likely to be subject to stripping than less massive satellites

(see also ).

The other important factor for the efficiency of stellar stripping is the environment in which satellites are, and this

means the mass of the host halo and the distance from the center. More massive haloes are less concentrated

than less massive ones, i.e., groups are more concentrated than clusters (e.g., ). Therefore, the efficiency

of stripping is expected to be higher in groups rather than clusters, at least in the innermost regions. However, the

tidal radius, that is, the radius at which tidal forces are stronger than the gravity of the satellite, is inversely

proportional to the mass of the halo and directly proportional to the mass of the satellite and its distance from the

center . This means that, a satellite with the same mass and at the same distance in a group or cluster will

experience a larger stripping if it resides in a cluster.

A clear example of the efficiency of stellar stripping in the innermost regions of groups and clusters is given

in Figure 6  (from Contini et al. ). The left panel shows the cumulative fraction of mass in ICL that has been

produced by stellar stripping as a function of distance from the BCG. The solid black line, which represents the

median of the distribution, shows that only 10% of the total ICL coming from stellar stripping is built-up at distances

farther than 150 kpc, which means that almost all the ICL produced via this channel actually comes from stripping

events that happened in the innermost 150 kpc. The right panel of Figure 6 shows the same information shown in

the left panel but for two samples of BCGs: less massive than   (purple lines), and more massive

than    (red lines). The panel clearly shows that for more massive BCGs, most of the ICL coming

from stellar stripping tends to be produced at larger distances than for less massive BCGs. This result is explained

by the trend discussed above, i.e., less massive BCGs are likely to reside in less massive haloes, and these

objects are more centrally concentrated than their more massive counterparts.
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Figure 6.  Left panel: cumulative fraction of stellar mass in ICL produced via stellar stripping as a function of

distance from the BCG. Right panel: same as left panel, but for BCGs with    (purple lines) and

BCGs with   (red lines). In both panels, solid and dashed lines represent the median, the 16th and

84th percentiles of the distributions, respectively. Credit: Contini et al. .

Stellar stripping is stronger in the innermost region of the haloes, and massive satellites (due to dynamical friction)

reach that region faster. It is, then, reasonable to expect that they are the most important contributors to the ICL.

This prediction was made in Contini et al. , and later confirmed by several observations (e.g., ). In

Contini et al. , they also looked at what kinds of galaxies contribute the most to the production of ICL via stellar

stripping. Figure 7 (from Contini et al. ) shows the amount of ICL produced in the innermost 100 kpc via stellar

stripping, as a function of the bulge-to-total ratio (left panel), and the amount of mass stripped over the mass of the

satellite at the moment of stripping (right panel), for satellite galaxies involved in stripping events. The trend

appears pretty clear: disk-like galaxies (B/T < 0.4) contribute the most to the production of ICL, while ellipticals and

spheroidals contribute in a marginal way (for details see ). The message shown in the right panel is as

interesting as the previous one. Indeed, most of the ICL produced by stellar stripping in the innermost 100 kpc

comes from small/intermediate stripping events that cut just <30% of the mass of the satellite at the moment of

stripping. The total disruption of the satellite is a very unlikely event.

Figure 7.  Left panel: fraction of ICL mass via stellar stripping as a function of the bulge-to-total mass ratio of

galaxies subject to stripping events, within 100 kpc from the halo center. Right panel: same information as the left

logM∗[M⊙]<11.2

logM∗[M⊙]>11.5
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panel but as a function of the ratio between the amount of mass stripped and the mass of the satellite at the

moment of stripping. In both panels, solid and dashed lines represent the median, the 16th and 84th percentiles of

the distributions, respectively. Credit: Contini et al. .

All the above theoretical predictions have important consequences on the properties of the ICL. If

intermediate/massive satellites, that are likely to be disk-galaxies, contribute the most to the production of ICL via

small/intermediate stripping events, it is reasonable to expect that properties of the ICL, such as colors and

metallicity, assume given values that are different from those that one would expect if the ICL is mainly produced

via mergers or disruption of dwarf galaxies. This is exactly the approach followed by observational studies (e.g., 

): by looking at the typical colors and metallicity of the ICL, it is qualitatively possible to figure out

the process responsible for the formation of the ICL, and the major contributor to it. In addition, by comparing the

typical properties of the ICL with those of the BCG, it is possible to learn more about their history. I will address

these points in the next section.
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