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ABSTRACT



We study the evolution of dark matter subhaloes in a smooth host halo using an analytical model, which includes a few important physics governing subhalo evolution, such as dynamical friction, tidal stripping, shock heating and tidal disruption. Combining the analytical model with the merger trees based on EPS formula, we produce the subhalo population in a Milky-Way type halo and compare their mass and spatial distributions to both the N-body simulation results and the Milky-Way satellites data. We find that tidal disruption of small subhaloes are very common in pure dark matter simulations. The model with inclusion of tidal disruption predicts a subhalo merger time-scale close to the simulation result. It also reproduces the simulated radial distribution of subhaloes, which is however inconsistent with the observed highly concentrated distribution of the Milky Way satellites. In reality subhalo could host baryon mass (satellite galaxy) at its center, making it more resistant to the tidal disruption. We show that satellite galaxies have a consistent radial distribution as observed, but for low-mass satellites their merger time-scales are longer than the simulation results. The longer surviving time of satellite galaxies have important impacts on the galaxy formation models which often employ a dynamical friction time-scales from pure dark matter simulations. Key words: methods: N-body simulations — galaxies: haloes — galaxies: mass function — cosmology: dark matter
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INTRODUCTION



In the popular cold dark matter model, structure (dark matter halo) formation is processed in a hierarchical manner that small haloes form first, and they subsequently merger to form bigger haloes. The relics of merging haloes are seen as the normal galaxies in clusters, or dwarf satellites in the Milky-Way. Tidal stripping of merging galaxies are though to be the origins of the tidal streams in the Milky-Way and the intra light in galaxy cluster. In the context of galaxy formation, halo mergers play an important role, as they can significantly affect the star formation rate and morphology of galaxies. It is now widely accepted that elliptical galaxies are formed by major mergers (e.g., Toomre & Toomre 1972), and disk galaxies may experience preferentially minor mergers, or earlier major mergers if any. Thus one important aspect about galaxy formation in the CDM scenario is to understand how and when these mergers (halo merger)
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happen, how the mass and density profile of accreted haloes evolve, and what are the final fates of accreted haloes: they merger with central galaxies or get disrupted before sinking into the halo center. The only appropriate way to study the properties of accreted haloes (subhaloes) is the fully dynamic-traced simulation. Earlier simulations (e.g., Katz & White 1993) suffer significant resolution effects, and they produce the overmerging pictures (e.g., Klypin et al. 1999; Moore et al. 1999). With higher resolution (Springel et al. 2001; Diemand et al. 2004; Gao et al. 2004; Kang et al. 2005a), especially the recent ones from two groups (Via Lactea: Diemand et al. 2007a; Aquarius: Spingel et al. 2008), it was shown that the subhalo mass function (SHMF) can be well described by a single power law. The normalized SHMFs are also universal in both galactic and cluster haloes, with a slight dependence on formation time of the host halo (Gao et al. 2004; Kang et al. 2005a; van den Bosch et al. 2005). The radial distribution of subhaloes is shallow than the dark matter particles, and it can be well fitted by an Einasto profile (e.g., Diemand
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et al. 2004; Springel et al. 2008). Other properties of subhaloes are also discussed, but with diverse conclusions, such as the velocity bias of subhaloes, both a positive velocity bias (e.g., Diemand et al. 2004) and negative bias (Springel et al. 2001) are reported. The density profile of subhalo is rapidly truncated, with a higher concentration, but divergence are existed for its inner density slope (Hayashi et al. (2003), hereafter H03; Kazantzidis et al. 2004a; Diemand et al 2007b; Springel et al. 2008). In addition to the above statistical distributions of subhaloes, many studies also focus on their dynamical evolutions. It is commonly agreed that subhaloes sink towards the host halo center by dynamical friction and gradually lose their mass due to tidal stripping. Diversity exists about the fate of subhaloes at their late evolution stages. H03 found that subhaloes will redistribute their inner mass by shock heating, and get disrupted soon once the tidal radius are smaller than their characteristic radius. Kazantzidis et al. (2004a) argued that the inner part of subhaloes can survive the strong tidal heating and they will orbit in the host halo for a longer time. They pointed out that rapid disruption of subhaloes are expected if the construction of initial conditions are not in equilibrium. Kazantzidis et al. (2004b) further show that numerical effect can also lead to rapid mass loss of subhaloes. Diemand et al. (2007b) also state that subhaloes in their simulation can survive for a very longer time even after they have passed the very central halo where the tidal radius are much small than the subhalo radius. The fate of subhaloes are further complicated by the presence of baryon. A few simulations (Gnedin et al. 2004; Nagai & Kravtsov 2005; Maccio et al. 2006; Dolag et al. 2008; Weinberg et al. 2008) have shown that compared to pure dark matter simulations, SPH simulations with baryon included will leave more subhaloes at the host center as the condensation of baryon cores make subhaloes more resistant to tidal disruption, and produce a radial distribution similar to the observed satellites in the Milky Way. Among the studies of subhalo evolution, one important issue is how long it takes for a subhalo to sink into the center of its host halo, and this is very important for the model of galaxy formation as it determines when the merger of galaxies actually happen. This time-scale is often called as the dynamical friction time (Tdf ) because it is the dynamical friction force which drag the subhalo into the center. Tdf were firstly derived by Binney & Tremaine (1987) and Lacey & Cole (1993) based on the Chandrasekhar (1943) description. Earlier simulation (Navarro et al. 1995) found that the Binney & Tremaine formula can well match the simulation results. Recently Jiang et al. (2008, hereafter J08) and Boylan-Kolchin et al. (2008, hereafter BK08) argue that the Binney & Tremaine (1987) formula under-estimates the merger time-scales. This is because in the model of Binney & Tremaine (1987) subhalo is treated as a rigid body without mass loss. In fact for a realistic subhalo, its mass loss by tidal stripping will decrease its dynamical friction force, and thus prolongs its Tdf . But even the results of J08 and BK08 also differ by a factor of 2. This diversity is from various effects, such as the definition of mergers, the simulation used (cosmological vs controlled non-cosmological , with or without baryon), and the resolution of simulations. Although the properties of subhalo can only be properly studied via simulation, more insight into the processes gov-



erning their evolution can be gained from analytical model. Base on the pioneer work of Taylor & Babul (2001), the analytical model was well developed in the past years (Benson et al. 2002; Taffoni et al. 2003; van den Bosch et al. 2005; Taylor & Babul 2004; 2005a; 2005b; Zentner & Bullock 2003; Zentner et al. 2005). It includes the main physical processes governing the subhalo evolution: gravitational force, dynamical friction, tidal stripping of subhalo mass, and tidal heating to change the internal structure of subhalo, and tidal disruption. Coupled with merger trees from EPS formula, this analytical model is capable of producing a realistic catalogue of subhaloes in given host halo, which can be directly compared to the N-body simulation results. Most of these analytical works neglect the predictions for subhalo merger time-scales (Tdf ). Taffoni et al. 2003 derived an fitting formula for Tdf , but their results are not tested against simulations. BK08 recently found that their simulation results are still quantitatively inconsistent with the prediction of Taffoni et al. (2003). In this paper, we use the analytical model (e.g., Taylor & Babul 2001) and combine it with a well calibrated Monte Carlo merger tree based on EPS algorithm (Parkinson et al. 2008) to study the evolution of subhaloes formed in a MilkyWay type halo. Especially we make a few assumptions about how subhaloes evolve at their late evolving stages (e.g., get disrupted or keep bound cores), and we compare the predicted Tdf with the simulation results (J08; BK08). We also compare the mass function of subhaloes and their radial distribution to the results from very high-resolution N-body simulations (e.g., Via Lactea, Aquarius) and the data of the MW satellites. In Section.2 we present the main ingredients of the analytical model and show the model predictions in Section.3. We briefly discuss the effects of baryon on the merger time of galaxies and their radial distribution in Section.4. We then conclude our model in Section 5.
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MODEL FOR SUBHALO POPULATION



In this section, we present our model ingredients. It includes two main parts. The first part is about the formation history of the host halo, which can be obtained from either EPS merger tree or N-body simulation. The second is the physical processes governing subhalo evolution in the host halo. Our model is similar to that of Zentner et al. (2005), but there are also a few differences. We employ a well calibrated code (Parkinson et al. 2008) to produce EPS merger tree, which implies a different formation history from that used by Zentner et al. (2005). Also we consider a few assumptions about how subhalos evolve at their late evolving stages and address how these assumptions affect their merger time-scales and the radial distribution. 2.1



Merger trees and halo properties



The properties of subhaloes are mainly determined by the formation history of their host halo. The formation history of halo is often called merger tree, which can be obtained either from N-body simulations and Monte-Carlo method based on the EPS formula. Here we make use of the open source code (Parkinson et al. 2008) to generate the formation history of a Milky-Way type halo with mass around



Subhalo evolution in analytical model 1.77 × 1012 M⊙ (which is close to the halo mass used by Via Lactea and Aquarius). We produce 100 realizations of the merger trees with a resolution of 108 M⊙ . We employ the flat ’concordance’ cosmological parameter with: Ω0 = 0.25, ΩΛ = 0.75, h0 = 0.73, Ωb = 0.04, σ8 = 0.9. The main branch of the merger trees is defined as the trajectory of the most massive progenitors starting from the z = 0 halo. In our study we consider only those haloes which fall directly into the main branches, and we do not model the subhaloes in these accreted haloes. As shown by van den Bosch et al. (2005), the subhaloes in accreted haloes contribute less to the total subhalo mass function. We set the initial energy and angular momentum distributions of accreted haloes by main progenitors using the measured ones from N-body simulations. The subsequent evolution of subhaloes, both in terms of orbit and mass, are described in detail in the following section. For each halo in the merger trees, its virial radius, rvir , is defined as the radius within which the mass mass density is ∆(z) times the critical density of the universe at redshift z (Bryan & Norman 1998). The density profile of each halo is modelled as the NFW density profile (Navarro et al. 1997) and the concentration parameter c is set using the median relation of c ∼ M by Neto et al. (2007), and it evolves with redshift as ∼ 1/(1 + z) (Bullock et al. 2001). The density profile of subhalo is NFW initially, but later modified by tidal heating, which we will introduce in Section 2.2.2. Note that in the following, we denote host halo mass with M and subhalo mass with m.



2.2



The dynamical model of subhalo



In this section, we introduce the model to describe the orbit, mass and internal density profile evolution of subhalo. The orbit of subhalo is determined by its initial infalling orbit, the gravitational force, and the dynamical friction force. The gravitational force is very easy to calculate. For the dynamical friction force, it is not clear how to model to impact parameter Coulomb logarithm. We will use a few definitions for Coulomb logarithm to test their impacts on mass and orbit evolutions. The mass of subhalo decreases gradually by tidal striping, but in the model it is unknown how fast the mass is lost and often treated as a free parameter. Also it is difficult to model the impacts of shock heating on the density profile of the subhalo, and we will use the H03 fitting formula to describe the modified density profile. We introduce these processes in the following section.



Here ln Λ is the Coulomb logarithm, Vorb is subhalo’s or√ bital velocity and X = Vorb /( 2σ), where σ is the onedimensional velocity dispersion of the host halo which can be solved from the Jeans equation (Binney & Tremaine 1987; Cole et al. 1996). The Coulomb logarithm, ln Λ, is an approximation to (1/2) ln(1 + Λ2 ) in the limit of large Λ (Binney & Tremaine 1987). Λ is defined as the ratio between the largest and smallest impact parameters (bmax /bmin ) of dark matter particles. In the literature there are a few choices for Coulomb logarithms. It is taken as a constant (Binney & Tremaine 1987; Velazquez & White 1999) or defined by mass ratio as ln(M/m) or ln(1 + M/m). We will try three Coulomb logarithm that: ln Λ = 2.5 at all time used by Jardel & Sellwood (2009), ln Λ = 2.5 + ln[m(0)/m(t)], which is ln Λ = 2.5 initially, and later increases with time (Taylor & Babul 2001). Most authors adopt ln Λ = ln(M/m). We find that different Coulomb logarithms lead to a factor of few on the merger time-scales. But they give to quite similar subhalo mass function. A Coulomb logarithm ln Λ = ln(M/m) for varying subhalo mass will be more physical and it is our preferred form. In order to track the orbit evolution of subhalo, we need to specify its initial orbit. We take each subhalo to move initially from ri = ηRvir , where Rvir is the virial radius of the host halo at accretion and η is drawn randomly from a uniform distribution between [0.6, 1.0] (Zentner et al. 2005). Secondly, each subhalo has initial energy equal to the energy of a circular orbit of radius ri . The initial specific angular momentum is parameterized as ji = εjc , where jc is the specific angular momentum of the circular orbit mentioned above and ε is ”orbital circularity”. A few studies (e.g., Tormen 1997; Zentner et al. 2005; Khochfar & Burkert 2006; J08) have measured the distribution of ε and they all reported similar results. Here we use the distribution given by J08 which is described as f (ε) = 2.77ε1.19 (1.55 − ε)2.99 .



2.2.2



The dynamical friction and orbital evolution



As well known, the specific gravity,fg , provided by the host halo is fg = GM (< r)/r 2 , where r is the radial position of subhalo relative to host halo center. The dynamical friction is caused by the interaction between subhalo and particles in its host halo. This effect was first discussed by Chandrasekhar (1943). The dynamical friction per unit mass based on a modified Chandrasekhar formula (Binney & Tremaine 1987), can be described as fdf ≃



4π ln (Λ)G2 mρ(r) 2X erf (X) − √ exp (−X 2 ) . 2 Vorb π











(1)



(2)



Subhalo mass loss



When subhalo travels in its host halo, it loses mass by tidal stripping. The tidal radius, rt , is the radius where the external differential force from the host halo exceed the selfgravity of the subhalo. The tidal radius can be simply solved from the following equation (King 1962): rt3 =



2.2.1



3



Gm(< rt )







ω 2 + G 2M (< r)/r 3 − 4πρ(r)



.



(3)



The mass outside rt will become unbound and be stripped gradually. There is debate about how fast the unbound mass is lost. Taylor & Babul (2001) recommended the instantaneous orbital period Torb = 2π/ω for the mass loss time-scale. Zentner et al. (2005) found a time-scale 3 times shorter, but Diemand et al. (2007b) suggested that the timescale is around 6 times shorter than the instantaneous orbit period. It was also pointed out that the stripping time-scale is dependent on subhalo internal structures (Kazantzidis et al. 2004a; Kampakoglou & Benson 2007). In general, the mass loss rate can be described as following using a free parameter A (Zentner et al. 2005),
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dm m(> rt ) = −A , dt Torb



(4)



where A is used to describe how fast the mass is stripped. Following Zentner et al. (2005) we normalize A using the subhalo mass function. It was found from N-body simulations (e.g., H03; Kravtsov et al. 2004) that shock heating will cause the subhalo to expand and re-distributes its inner mass profile. Thus tidal heating will accelerate the mass loss. H03 used a modified NFW density profile to describe the change of the inner profile of subhalo as



 ρ(r) =        



ft ρ (r) 1+(r/rte )3 NF W



lg ft = −0.007 + 0.35xm + 0.39x2m + 0.23x3m



,



(5)



lg rte = 1.02 + 1.38xm + 0.37x2m



where xm = lg[m(t)/m(0)] is the logarithm of remaining fraction of subhalo mass. Although this above formula is very useful to estimate how the density profile of subhalo evolves, there is debate about its universality. Kazantzidis et al. (2004a) argued that the simulation of H03 was not constructed in equilibrium, which led to a rapid loss of mass and a quick disruption of subhalo. But unfortunately there is no any other useful formular rather than H03 to described the density profile change due to shock heating. In this paper we still use the formula of H03.



2.3



true for massive subhalo which sinks into host halo center very quickly without significant mass loss. It is now straightforward to define the merger timescale as the interval between accretion and the epoch when subhalo disappears. In our model, subhalo disappears either when it loss all its angular momentum or it is tidal disrupted. In most cases, subhalo gets disrupted when it passes the very inner region of the host halo where the tidal radius is very small. In N-body simulations, subhalo is said to be merged when it loses its identity at the very inner region of the host halo. So the definitions of merger in our model and the simulations (BK08; J08) are very similar, and we will compare our predictions about Tdf with their results in the following Section.



Disruption and merger of subhalo



As the final step to completeness of the model for subhalo evolution, we need to know if a subhalo suffer tidal disruption and, if so, when this happens. Addressing this issue from simulations is always difficult as subhaloes are very sensitive to the numerical effects. Lower simulation resolution can lead to artificial disruption of subhaloes (.e.g, Klypin et al. 1999; Kazantzidis et al. 2004b). H03 found that subhalo gets disrupted if tidal radius rt is small than 2rs . Kanzantzidis et al. (2004a) suggested that the simulation of H03 was not constructed in equilibrium, so the disruption of subhalo maybe over-estimated. Diemand et al. (2007b) found from their simulation that many subhaloes are not fully disrupted even the tidal radius rt is small than rs /5. Taylor & Babul (2004) calculated the bound radius inside which the total energy is positive under assumption that subhalo does not change its density profile during evolution. They found that the bound radius is around 0.7rs for an NFW profile. In reality this simple criterion may not be applied as the subhalo does changes its inner profile during evolution. In our analytical model, we consider two options for the tidal disruption of subhalo. One option is that we assume that the subhalo never gets disrupted, and it can loss its mass or angular momentum until any of each first gets close to zero (Model “mrs0”). The other option, as also used by Zentner et al. (2005), is that subhalo gets totally disrupted if the total mass of subhalo is small than its initial mass within fdr rs (m < mi (< fdr rs )). Here we consider two cases for fdr = 1.0 (Model “mrs1”, used by Zentner et al. 2005) and fdr = 0.5 (Model “mrs05”). Note that in the “mrs1” and “mrs05” models, it may happens that the subhalo loses all its angular momentum before being disrupted. This is
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MODEL PREDICTIONS VS SIMULATION RESULTS



Before we plunge into comparisons between the model and simulations, we first see how the mass, orbit and specific angular momentum (j) of subhalo evolve and how they are affected by the model parameters, such as mass loss rate, Coulomb logarithm. In Figure.1, we show the evolution of mass, radial orbit (in unit of virial radius) and J for a subhalo orbiting in a host halo with m(0)/M (0) = 0.05, and ε = 0.5. The solid lines are the evolution tracks in the “mrs1” model and dotted lines are for the “mrs0” model. The lines with different thickness are for model parameters with A = 0.1, 1, 10 which indicate how quickly mass are lost by tidal stripping. For example, A = 10 means that the mass outside the tidal radius is lost in 1/10 of the orbit period. Figure.1 reveals a few interesting results. Firstly the mass of subhalo depends strongly on the mass loss rate A at the first few Gyrs, but the dependence becomes weaker with time. Subhalo with high A loses mass quickly at the beginning, it will then suffer lower dynamical friction (Equation. 1) so it could travel to higher radial position and passes the pericenter less frequently (see the thickest dotted line in the middle panel). Secondly for subhalo with a low A, the mass loss is slow but its angular momentum is rapidly lost due to the stronger dynamical friction. Thirdly for a high A, the fate of subhalo is model dependent. For example with A = 10 in the “mrs1” model , subhalo gets disrupted very soon at epicenter while its J is not significantly lost. In the “mrs0” model subhalo can survive longer time until its J gets close to zero. In Figure.2, we show how these evolution tracks are affected by the Coulomb logarithm. Here we fix the mass loss rate A, and we show the dependence of subhalo mass, radial orbit and J on assumed ln Λ. We point out that our results are not significantly affected by ln Λ, and in the following text, we adopt the most used form as ln Λ = ln[M/m]. 3.1



Subhalo mass function



Now we compare the predicted SHMF with simulation results, which are extensively studied and can be described as a power law, with index between −0.9 and −1.0 (Springel et al. 2001; Gao et al. 2004; Kang et al. 2005a; Diemand et al. 2005; Giocoli et al. 2008). In Figure.3, we show the SHMF from the “mrs0” model. The results from other two models
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Figure 1. The mass, radial position and angular momentum evolution of subhalo with m/M = 0.05, ε = 0.5. The dotted lines are for evolution track in the “Mrs0” model, and solid lines are for the “Mrs1” model which includes tidal disruption. Lines with different thickness show different mass loss rate with A = 0.1, 1.0, 10.
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Figure 2. As Figure.1, but for the dependence on the coulomb logarithm. We do not find any significant dependence on ln Λ, and in the following we adopt ln Λ = ln[M/m], which are often used in the literature. Here A is 2.5 in our fiducial model, see text.



(“mrs1” and “mrs05”) are similar, so we omit them. The blue lines are the model predictions with A = 0.1, 2.5, 10 (increasing with thickness), and the dashed line is the measured SHMF from simulation by Giocoli et al. (2008). In this plot we also show the mass function of accreted subhaloes (non-evolved SHMF) by the main branches using the black long-dashed line, and the measured one from simulation (Giocoli et al. 2008) is plotted as the black dotted line. We find that the non-evolved SHMF from the Monte-Carlo merger trees agrees well with the simulation result (also see Kang 2008), and it indicates that the merger trees used do not introduce any bias into the SHMF in our model. The SHMF is a function of mass loss rate A, and it is easy to understand. van den Bosch et al. (2005) have shown that the SHMF is dominated by the recent accretion history of the host halo. Seen from Figure.1 that mass of subhalo depends on the the mass loss rate A at the first few Gyr. We find that a mass loss rate with A = 2.5 gives a good match to the measured SHMF from the simulation, and for most of our following results we use A = 2.5 unless otherwise noted.



3.2



Merger time-scale of subhalo



In this section, we compare the predicted subhalo merger time-scale Tdf with the simulations results. BK08 use controlled simulation of two-halo mergers to study the dependence of Tdf on the orbit parameters and merger mass ratio. They conclude that the formular by Binney & Tremaine (1987, also Lacey & Cole 1993) under-estimates the merger times as it does not include the mass loss of subhalo. The same conclusion is also made by J08 who study Tdf using cosmological hydro-simulation with star formation. Although the results of BK08 qualitatively agree with J08, there are difference between them in details. For example the dependence of Tdf on orbit circularity ε in BK08 is stronger than that of J08, and the dependence on merger mass ratio is also different (see Figure.4). For a full consistent comparison with the results of BK08, we model two haloes merger and construct the same initial condition as theirs, such as the initial orbit energy, angular momentum, halo density profile. It is impossible to compare out results with the J08 results, as



6



Gan et al.



Tdf [Gyr]



8



ε=0.3



12 10



6 4 2 0.1



0.2



ε=0.5



30



ε=1.0



25



mrs0 A=1. A=2.5 BK08 J08 Taffoni



8



20



6



15



4



10



2



5



0.3



0.1



0.2 m(0)/M(0)



0.3



0.1



0.2



0.3



Figure 4. Subhalo merger time-scales. Here subhalo mergers with central halo once it loses all its angular momentum J. The three panels are for different orbital circularity ε. In each plot, the dotted and dashed lines show the fitting formulas from simulations of BK08 and J08. Blue thick lines are our fiducial model with A = 2.5 and ln Λ = ln[M/m]. For a comparison with the analytical fitting formula of Taffoni et al. 2003 (dash-dotted line), we also show the case for A = 1 (blue thin line), which is used in their model.
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Figure 3. Subhalo mass function (SHMF) in a Milky-Way type halo. The blue thin-to-thick lines (A=0.1,2.5,10) are the model predictions. Poisson errorbar with A = 2.5 are also plotted. The black dot and dashed lines are the non-evolved (accreted) and evolved subhalo mass function in simulation of Giocoli et al (2008). The black long dashed line is the non-evolved subhalo mass function obtained from the Monte-Carlo method in our model.



they use cosmological simulations with star formation and feedback. For a reference, we also show their results in the plot. In Figure.4 we show the predicted Tdf from our “mrs0” model. The three panels are for different initial orbit circularity with ε = 0.3, 0.5, 1.0. The predicted Tdf from the fitting formulas of BK08 and J08 are plotted as dotted and dashed lines. The analytical prediction by Taffoni et al. (2003) is shown as the dot-dashed lines (A = 1 in their model), and for a comparison we also show the model results with A = 1 as the thin blue lines. The thick blue lines are our fiducial model with A = 2.5 and ln Λ = ln[M/m]. One



instant result from the model is that Tdf is a strong function of A, and higher A gives a longer merger time-scale. This is because subhalo with high A loss angular momentum slowly (see the right panel of Figure.1), thus it takes longer time to sink into the halo center. Taffoni et al. (2003) also used an analytical model to study Tdf , and their model assumptions are similar to our “mrs0” model with A = 1. We find that the predicted Tdf by Taffoni et al. (2003) is very similar to ours but our predictions are lower by 40% for low mass-ratio mergers (m/M < 0.1). The model of Taffoni et al. is different from ours in detail, especially they use a theory of linear response to model dynamical friction. Also it is not clear how they define the merger time in their model, which could also introduce bias to the merger time-scales. Compared to the BK08 results for ε ≤ 0.5, our fiducial model predicts a longer merger time (up to a factor of 2) for low mass-ratio mergers (m/M < 0.15), but better agreement is obtained for high mass-ratio mergers. We argue that this is due to our assumption in the “mrs0” model where the subhalo never gets tidal disrupted. In reality, subhalo suffers strong tidal heating at the dense region of its host, and could get disrupted soon. To clearly show the effect of disruption, we show the predicted Tdf from our “mrs1” and “mrs05” models in Figure.5. We find that in the “mrs1” model where subhalo gets disrupted if m < mi (< rs ), the predicted Tdf is systematically lower than the simulation results. But for the “mrs05” model (m < mi (< 0.5rs )), the predicted Tdf agrees well with the results of BK08. But for ε ∼ 1, the model prediction is lower than the BK08 result, and is more close to that of J08. One possible explanation is that BK08 simulated only a few cases for mergers with higher ε, thus their fitting formula may be biased to high ε mergers.



3.3



Radial distribution of subhalo



In this section we study the radial distribution of subhaloes. It has been shown that subhaloes tend to avoid the cen-
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Figure 5. As in Figure.4, but for the “mrs1” and “mrs05” model. In these two models subhalo can get disrupted once its mass is less than its initial mass within 1 (or 0.5) rs . Here we only show the results from our fiducial model.



from the resolution effects (also see Gao et al. 2004; Nagai & Kravtsov 2005).



1.00



tral region of host halo, showing a shallow distribution than the dark matter particles (e.g., Gao et al. 2004; Kang et al. 2005b; Diemand et al. 2004; Springel et al. 2008). In Figure.6 we show the predictions from our model “mrs0” along with the results from two simulations (Via Lactea: dashed lines, Aquarius: dotted lines). For a references the observed distribution of Milky-Way satellites is shown as squares. As we can see that the predicted distribution from the “mrs0” model (left panel) is too concentrated than the simulation results. The same conclusion was also obtained by Taylor & Babul (2005b), where they argued that the absence of subhaloes in the center of simulated halo may come from the artificial overmerging in low-resolution simulations. Analysis on simulation resolutions (Diemand et al. 2004) have shown that this absence of small subhaloes is mainly from the physical disruption in pure dark matter simulation, not



As regard to the observations, the distribution of MW satellites is similar to the dark matter, inconsistent with the distribution of subhaloes in the simulations. This has been known for a few years as a challenge to the N-body simulations (e.g., Gao et al. 2004; Kang et al. 2005b; Madau et al. 2008). One solution is that the subhaloes hosting satellite galaxies are biased population, and they may be dominated preferentially by massive subhaloes at accretion (e.g., Nagai & Kravtsov 2004; Kravtsov et al. 2004; Madau et al. 2008). Some authors (e.g., Maccio et al. 2006; 2009) argue that the predicted insufficiency of subhaloes in pure dark matter simulations is from the neglect of baryon. With hydrodynamical simulations with gas cooling and star formation, it was found (e.g. Weinberg et al. 2008) that subhalo can really survive strong tidal force by the enhancement of density from baryon condensation. We will discuss the effects of baryon in Section.4.



N(


Figure 6. The cumulative radial distributions within the virial radius of host halo. The blue lines with different thickness are for subhaloes from different models. Long dashed line is the distribution of dark matter in the host halo, and hatch area is the spanned distribution of subhaloes from Via Lactea and Aquarius. Empty squares are the observed distribution of Milky-Way satellites.



In the middle and right panels, we can see that with inclusion of tidal disruption, the models produce a less concentrated distribution consistent with the simulation results. Better agreement is hold for the “mrs1”model (right panel). Here we recall that as shown in Figure.5 that the “mrs1” model predicts a shorter Tdf than found in the simulations, so the tidal disruption may be over-estimated in this model. Although the “mrs05” model can well match Tdf of BK08, it predicts a radial distribution slightly higher than the simulation results (middle panel). Part of this over-prediction could be explained by the dynamical interaction between subhaloes. As shown by Ludlow et al. (2009) that the subhaloes suffer strong dynamical interaction (collision) from each other, and it has the effect to eject small subhaloes into larger distance even outside the virial radius. Thus we argue that this effect may partly explain the lower concentration of subhaloes found in the inner region of simulated haloes.
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Figure 7. As in Figure.6, but showing the dependence on subhalo properties. The left, middle and right panel show the dependence on the present-day mass, mass at accretion of subhaloes (both in unit of host halo), and their accretion times respectively. The upper panel is for the “mrs0” model, and lower panel is for the “mrs1” model. Results from the “mrs05” model is similar to those in the “mrs1” model and not shown.



3.4



Dependence on mass and accretion redshift



Now we consider the dependence of radial distribution on the properties of subhaloes. Previous high-resolution simulations of single halo (e.g., Gao et al. 2004; Diemand et al. 2004; De Lucia et al. 2004; Springel et al. 2008) have shown that there is no (very weak if any) dependence on the present-day mass of subhaloes. Angulo et al. (2008) found from the Millennium simulation (MS, Springel et al. 2005) that high mass subhaloes (m/M > 0.01) have tendency to avoid the central part of host haloes. Here we show the dependence radial distribution on subhaloes present-day mass, mass at accretion and accretion redshift in Figure.7. We also plot the results obtained from the public data from Via Lactea1 where only the dependence on subhalo present-day mass is available and shown as the light blue lines in the left panel. The black lines are predictions from the “mrs0” and “mrs1” models (upper and lower panels). Seen from the lower left panel, we find that there is only weak dependence on subhalo mass, consistent with the simulation results. But for the “mrs0” model (upper panel) there is clear dependence on the present-day subhalo mass, and the dependence on the accretion redshift is very strong. The result from the “mrs0” model that old subhaloes are more concentrated is consistent with the finding of Taylor & Babul (2005a) who pointed out that this is simply 1
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from the accreted radial positions of old subhaloes, which are small at high redshift due to the small size of their host halo. By dividing subhaloes in terms of their mass at accretion, we do not find any strong dependence (middle panel), which also is consistent with the results of Nagai &Kravtsov (2005). So the weak dependences seen from the lower panel is simply because earlier accreted subhaloes suffer strong mass loss, and are more fragile to tidal disruption, which dilutes the strong dependence on accretion time.
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DISCUSSION: THE EFFECTS OF BARYON CORES



In this section we consider the effects of baryon using a simple model. We assume that each subhalo now hosts a baryon core at its center with mass about 30%, or 5% of the universal baryon mass ( these values are typical for a MW like galaxy and the mean fraction of baryon in galaxies, see Li & White 2009). The baryon core is assumed to be a point mass without mass loss from tidal stripping . Although the condensation of baryon will redistribute the dark matter of subhalo, for simplicity we assume that the density profile of subhalo is not modified, and it still evolves as in the “mrs0” model. Now subhalo mergers with central halo when it loses all the angular momentum. Here we call the subhalo as satellite galaxy as it has luminous mass at its center. In Figure.8 we show the predicted radial distribution of satellite galaxies
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Figure 9. As in Figure.4, but now the blue lines are for satellite galaxies with a fixed fraction of baryon at its centers. Satellite galaxies merger with central halo when they lose all angular momentum.
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Figure 8. As in Figure.6, but for satellite galaxies which have 30% or 5% of universal baryon fraction (blue thick and thin lines), and they never get tidal disrupted.



with the blue thick and thin lines. It is seen that the radial distribution matches the data very well. This indicates that observed satellites have survived the tidal disruption, which may not be true for all satellites as the extent to resist tidal disruptions may depend on their baryon mass content. It is then interesting to ask what is the merger timescale for satellite galaxy which evolves as described above. In Figure.9 we show the predicted Tdf for satellite galaxy. As in the “mrs0” model we find that the predicted Tdf agrees well with the simulation results for merger with mass ratio larger than 0.15. For low mass-ratio mergers, the discrepancy is large. For example, for merger with m/M ∼ 0.08 with ε = 0.5, our model predicts a merger time-scale about 12 Gyr (blue thick line), but the simulation predicts a Tdf about 7.5 Gyr. The predicted time is even longer for satellite with lower baryon mass (blue thin line). Our results suggest that faint satellite galaxy can survive a longer time than the age of the universe. Our predicted merger time-scales for satellite galaxies are under two rough assumptions. First the density profile



of subhalo is not modified by contraction of baryon mass at the center. In reality center part of subhalo should be more densed due to enhanced gravity from baryon, and be resistant to tidal stripping. This will increase the dynamical friction force, and make subhalo merger more quickly. Second we assume that the baryon mass is not stripped, which is not consistent with the observed tidal stream in the Milky Way. The ability of satellite galaxy to resist tidal stripping or disruption is surely dependent on its baryon mass content, infalling orbit. Addressing such an issue is beyon the scope of the paper.
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CONCLUSION



In this paper, we study the evolution of subhalo using an analytical model, which includes simple descriptions of a few important processes, such as tidal stripping, dynamical friction, tidal heating and disruption. Coupling these descriptions with the merger trees from EPS-based Monte-Carlo method, we study the subhalo population in a Milky-Way type halo. We consider a few models for the fate of subhalo. In the “mrs0” model, subhalo loses its mass continuously, and merger with central halo when its anjular momentum reaches zero. In the “mrs1” and “mrs05” models, subhalo is tidal disrupted when its mass is less than the initial mass within rs or 0.5rs . We try to constrain the model assumptions and free parameters by comparison with the simulation results, which include the subhalo mass function, the radial distribution of subhaloes and their merger time-scales. We find that the subhalo mass function can be well reproduced by tuning the mass loss rate from tidal stripping. In the “mrs0” model, the predicted radial distribution of subhaloes is more concentrated than found in the simulations (e.g, Diemand et al. 2007a; Springel et al. 2008). The predicted merger time-scale for low-mass subhalo is also longer than the merging simulation results (Boylan-Kolchin et al. 2008; Jiang et al. 2008). Better agreements are obtained in the “mrs05” model. We argue that subhaloes are fragile to tidal disruption in pure dark matter simulations. In reality subhalo may host luminous baryon (thus be
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called a satellite galaxy). Condensation of baryon will redistribute the inner density profile of subhalo, making it more resistant to the tidal stripping (e.g., Weinberg et al. 2008). We consider a simple model in which satellite galaxy hosts a fixed fraction (30% or 5%) of the universal baryon mass, and it merges with central halo when losing all its angular momentum. In this model the predicted radial distribution of satellite galaxies agrees well with the observed Milky-Way satellites. But the predicted merger time-scales are longer (up to a factor of 2) than the simulation results for low mass-ratio mergers (m/M < 0.1). Our result about galaxy merging time-scale indicates that faint satellite galaxies will never merger with the central galaxies up to z = 0 in the current cosmology. This has important implications for the galaxy formation model. The current semi-analytical models of galaxy formation predict too strong evolution for massive central galaxies between z = 1 and z = 0, inconsistent with the mild evolution from observations (e.g., Fontana et al. 2004). The main contribution to the evolution of massive central galaxies is from the mergers of faint galaxies. So the over-prediction can be decreased if the merger time-scales of faint galaxies are much longer. But it brings another problem that surviving satellite galaxies would be over-predicted. This would require some satellite galaxies to be tidal disrupted, which indeed to be favored to be the origni of the observed stellar stream in the Milky-Way (e.g., Ibata et al. 2001). Overall the analytical model described in this paper is too simple. It is difficult to model how dark matter mass is re-distributed by condensation of baryon, and model how the stellar mass of satellite galaxies are stripped. This needs to be done by high-resolution simulations with realistic modelling of stellar distributions.
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