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Abstract astro-ph:0705.1144v2

Aims. The Self-Similar Secondary Infall Model (SSIM) is modifiedlsimulate a merger event.

Methods. The model encompasses spherical versions of tidal stdppid dynamical friction that agrees with the Syer & White
merger paradigm’s behaviour.

Results. The SSIM shows robustness in absorbing even comparablepeessbations and returning to its original state.
Conclusions. It suggests the approach to be invertible and allows to densiccretion as smooth mass inflow merging and mergers
as intermittent mass inflow accretion.
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1. Introduction mental attempt was made befdre Le Dellipu (2002) to confront
the SIM with the merger paradigm.

Structure formation in the Cold Dark Matter (CDM, or more  The following section (Sed]2) will describe how and why

simply DM) paradigm is dominated by the hierarchical pieturthe SSIM can be extended to model a merger event. Then Sec.

of repeated mergers. This picture was emphasised by Syefavill discuss how the symmetry of the SSIM still allows for a

White ([L99B), explaining the dynamical formation of halmee form of tidal stripping and dynamical friction, before peeting

sity profile with a feedback mechanism provided by repeatée consequences of such a merger in the SSIM in[$ec. 4, and to

mergers. Whereas it is now believed that isotropisatiorhef tmake some concluding remarks in Sgc. 5.

velocity dispersion (angular momentum; see Le Delliou &

Henrik 2003; B [. 2005; MacMill [. 2008) vi .
enrikser] 2003; Barnes et/ al. 2005; MacMillan gt a )VI2. Merger in an Infall

the radial-orbit instability (also viewed as adiabaticiahility
of sglf-similari_ty,:-7) is responsible for thensity \odelling a merger event in a spherical geometry may appear
profile formation, their picture remains a widely accepted dcontradictory but it is possible to a certain extent. To usténd
scription of the merger digestion mechanism. Despite itgp&  thjs it is important to realise the following: a very small anmt
spherical symmetry and apparent lack of compliance with th¢ substructures are seen in N-body simulati et
merger paradigm, some studies have shown that the Second@B07) find that only 5.3% of the total mass fraction of haloes
InfaII.ModeI.(SIM) is f_iVlabIe model to predict the struct@ed |ie in subhaloes. In thé Syer & WHit¢ (1998) picture, incom-
density profile evolutions of DM haloes as compared to N-boglyg satellite haloes merge with their parent, fall in thetceand
simulations (Ascasibar etfal. 2047; Salvador-Solé Bt@0T2.  contribute to the density profile and to the parent's refaxeand
ialisation. However, in simulations, subobjects swiback
d forth several times in their parents before being dégest
at process can be modelled in a simpler way: on average,
spherical symmetry is not bafd (Ascasibar ¢f al. 2007) apibre
The SIM stems from the seminal work pf Gunn & Gotduces the correct time scales and density profiles. Sheéscod
(1972), and the SSIM (Self-similar SIM) started when Fill@o are muctsimpler than N-body codes and therefore provide with
& Goldreich (1984) and Bertschingef (1984) independenthpbust tests of certain aspects of their results. Other Igynp
found self-similar solutions to the SIM. It was later showing approaches have been used to understand halo formation,
that those solutions can be reached from non-self-sinmiliar i such as phase-space coarse grainjng (Le Delliou & Henfiksen

This letter proposes to understand this paradox by exar;nini\‘nir
the merger paradigm within the SIM and studying how merg
events impact on the relaxation and structure of a CDM halo.

tial conditions (e.g. i HBman & Shahah] 1985; White & R003; | 2004, 2006) or in the one dimensional slab
Zaritsky[T99P] Ryddh 19D3; Henriksen & Wididw 1995, 1997model used i Binngyf (20p4), where it was shown to explain the

Avila-Reese et d|. 1999; Henriksen & Widigw 1999; del Popolimrmation of cosmic web sheets through the interplay of phas
et al. [200D;| Henriksen & Le Dellipy 20D2; Le Delliou & mixing and violent relaxation, also present in sphericatiais.
Henriksen] 2043) and a systematic approach to the SSIM wdsnriksen & Widroy [1999) have shown that relaxation is mod-
used in| Henriksen & Widrgw| (199%, 1991, 1999); Henrikseerately violent (in their figure 9) and induced by a phase epac
& Le Delliou (R002);[Le Delliou & Henriksgn[ (2003), derivedinstability (Henriksen & Widroy 1997). Section 3 will detai
from the Carter-Henriksen formalisin (Carter & Henrik$e®19 how another perspective of phase mixing and moderately vio-
hereafter CH). Some extensions to the SIM were proposed thett relaxation through phase space instability can bepnéged
included the ffects of angular momentum to explain flat hal@as some sort of tidal stripping and dynamical friction.

cusps [Hiotellg 2004; Le Delliou & Henrikggn 2003; Ascasiba In this paper the SSIM is implemented in a shell code (see
et al.|2004]| Williams et al. 2004; Lu et[al. 2006), but no fundaletails inLe Delliol{ 2002, and references therein) withyfdi-
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€, panel Mratio Dratio Mop/Mgs Virial ratio of core =15 Phase Space with OD
3/2, upper panel 0.751 0.282 1.173 for various mass ratio at OD entry near end of SS phase (T=10)
3/2, middle panel 4.25102 7.10<102 9.38107? -1 R A LT T T
3/2, lower panel  6.92102  0.168 1.453 S SRR TTTH | IR, - B b
5/2, upper panel 0.889 5.X10°? 0.319 2 1,0 S PN
5/2, middle panel 0.439 5.5410°2 0.290 S0 Mratio=0.751 I
5/2, lower panel 0.178 0.454 1.133 og| Dratio=0.287 - MIMELLTS T g o
2.9, upper panel 0.753 9.31407° 0.416 ' 1 ‘ ——
2.9, middle panel 0.407 0.641 1.118 Ler ‘ Dratio=7.10E2 ]2
29 lowerpanel 0301 93102  0.344 . & jou
Table 1. Density, mass and mass perturbation ratios definin¢ 121156 Eoo- i ?0_1 g
satellite initial OD for the mergers in the SSIM. The mass %t 1 ez 02
turbation measures the perturbation of the OD comparedstc | =] —
background halo region it spans, just before entering the.c | Mretee o2, Dratio=0.168 0.2
First column gives parent initial power law seed and pané¢o =z ;. vad o4
. . S 121 Bgein=0.13 o =0 >
in reference to figurel§ 1] 2 apl 3. 8 R P
0-8’12;36.355.46 5 6.5 6.55 6.6 T 102
0 ; 10 T :5.3(]3.5 TO 0;2;0?8 O.bl 0.615 0.62 0.625 0.03
namical Lagrangian treatment of infall using the CH (Ca&e. T " o X

Henrikser) 1991) self-similar variables that reveals whersys- Figure1. Shallow case: Virial ratio and phase space diagrams
tem reaches naturally a self-similar regime. A halo is miedel ¢ the end of the self-similar phase for three sets of ODsén th
from a radial power law perturbati@ip/p o r™ on an Einstein- . - 8 - 15 case. Overdensity shells are emphasised in green
de Sitter homogeneous background, that is evolved to réschijh phase space. Digestion time is defined from OD core entry
quasi-stationary self-similar regime in its corgHenriksen & (pre-spike, see Seff 4) to virial recovery (measured orphait
W'drowll% . The SIM is known to establish a self-similar ing|s). Zoomed encapsulation of those spikes in middle andrdow
fall phase [(Henriksen & Widr V_l; 19b7_ , which then leads to gt panels show their measure in troughless cases. T, X and Y
semi-universal power law density profile (Fillmore & Golitte  are respectively the self-similar time, radius and radédbuity,
[L984; [Bertschingpf 19B4): for initial power index< 2, the which units are set b = M(co) = 1 (Henriksen & Widrol
isothermal sphereo(« r# with u = 2) is the semi-universal f997).
attractor, whereas with > 2, there is a continuum of attractors
with u = 3¢/(1+¢€). Positive overdensity and the requirement of a

finite initial core mass in the centre limit the range te @ _< 3. The ratios indicated are measured at the time of core entry_
The cores explored here were chosen, as presented in D’ablwﬂe explored values are presented in T'ﬂ”e 1.
according to their SSIM behaviour defined by their initiahgo It is crucial to point out that the numerical implementation

index: typical shallow § = 3/2) and steepe( = 5/2) profiles, of the SSIM entails a shell code where finite size shells model

with the addition of an extreme steep case=(2.9) to test the the continuous system. That will play a role in the discussib
behaviour of a highly concentrated parent halo. The stedp aRe results.

shallow denominations refer to the comparison relativent® t
isothermal sphere.
In this geometry, an overdensity (hereafter OD, or sa#gllit 3. Merger paradigm and SSIM

representing a spherically averaged satellite halo, igi@meof a i .
overdense shells close to the edge of the core, the parent rayer & white [1998) have attempted to define the singulafity o

i o he time, to explain the universality of
(hereafter core, or parent). tho gensity profle found Hdy si i i
The OD is evolved dynamically from an initial gauBian derip€ density profile found in N-body simulation by Navarro gt a

sity profile added on top of the background halo profile over’ hereafter NFW): their key feature is the feedbackimaec

finite region. That evolution runs long enough to observestye NISM between dynamical friction from the parent halo andlltid
nature of the OD’s own stationary regime in phase space.ighi$tIPPing of the satellite. Even though this is not anymanesid-
manifested in the mixing of its Liouville sheet during the ®D €red to hold the key to the formation of the density profilejith
dynamical mass accretion of halo shells from its envirornrner‘ﬂergerd'gestlon mechanisms is still widely accepted torties
The OD’s definition as a set of particles (shells) is frozerewh the behaviour of satellites. I argue that both mechanismea
the core swallows it. modelled within the SSIM despite its one-dimensional ratur

At that point are recorded the ratios of OD-over-core masses T2|dal acceleration on an infinitesimal shell of mabs =
Mratio, Of their densitiesDyai0, and the measure of the pertur#7er°dr — located at radius, containing the system mass
bation provided by the OD on its background surroundings, Eﬂ‘d with thicknesslr — can be defined as theflirential gravity
mass,Mop/Mac. For each case, threefidirent satellites were P€tween its boundaries. Defining the cumulative averagsityen

chosen, trying to obtain various types of mass and denditsra Profile

between satellites and parents. M(r)
Since they were allowed to accrete mass dynamically from O =752 1)
their environment, ODs were laid close to the edge of the core 4nr3/3

to maintain some control over the final frozen mass and den
ratios. Some configurations of those ratios were tdboadilt to
obtain: in the shallow case, with higH,aio, lower values for
Draiio Were prevented by the high density background the OD 2

accretes from, while for the steep cases, also with highio, dT =4rGdr (p ~3 (p)r). (2)
higher D4, couldn’t be obtained because of their cores’ poor

dfan_sity backgrounds which tended to spread the ODs (see 3 thys clear that regions of peak density below the cutivéla
HS tidal effect). averagegd < % {p),) will experience a net disruptive tidal accel-

1 The core, or self gravitating system, is defined as the sétadfssin e_ration sp_reading_apart shells in those regions, in thal‘d_'dbc-
the multiple flow region. Its edge’s radius is that of the omtest shell tion. In this spherically averaged study of a merger, thislet®
that has passed only once through the centre, as seen inggmese  tidal stripping.

She inward oriented elementary tidal acceleration readead-
ing order,
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€, panel Taigesion T dynamical TTd'gﬂ M:atio-Dratio Virial ratio of core  ¢=p g Phase Space with OD

3 dynamical for various mass ratio at OD entry near end of SS phase (T=15)

2 upper p. 2.50 0.70 3.57 0.212 16— — T 06
% middle p. 0.13 0.73 0.178  3.0%10°3 14] Tynamea™1-21 Joa

2. lower p. 0.13 0.71 0.183  1.1630°2 s 12} ™ Jo2
b8 upper p. 4.21 1.21 3.48  4.9890°7? 2 4l ] 002 ~

. 2 Mratio=0.889 1Y

2 middle p. 3.07 1.12 2.74 2.43202 08 Dratioos 51E.2 04

3, lower p. 211 0.98 2.15 8.0810" 06 } 408
2.9, upper p. 4.83 1.17 4.13 6.9200°2 1al 04
2.9, middle p. 4.94 1.10 4.49 2.68a071 1'2 i 02
2.9 lowerp.  3.07 1.11 277 2.92302 st o >

1

Table 2. Digestion and dynamical times and strength param 102

[ Mratio=0.439

[ Dratio=5.54E-2 0.4

of the OD for the mergersin the SSIM. Again, firstcolumn giv =~ 6l ottt 196
Earent initial power law seed and panel order in figfld$ 1.2 i 04
12} 0.2

§ ir f)o.z g
08 Dradoosos ok 1 -g65 1704
Dynamical friction classically is defined as the creation 0, : R A T T~y Vi

a wake by a moving mass in a gravitating medium which b . Ty 707 «

reaction entails a net drag force upon the moving mass. In the _ ) )

SSIM, a massive shell is crossing the core’s shell in itsdifing ~ Figure2. Steep case: Virial ratio and phase space diagrams at

inwards or outwards. We will see that a radial drag forcehwithe end of the self-similar phase, for three sets of ODs in the

the correct orientation, is experienced as a result of thigan € = 3 = 2.5 case, including an emphasis on digested overdensity

in the spherically averaged model. shglls in phgises space and a measure of digestion time. Same
This crossing of shells by the OD'’s results in shells just ougnits as in Fig[J1.

side of it feeling more or less mass pulling inwards, depegdi

on the direction of the motion of the massive OD shells. That . - .
leads to a dferential tightening or spreading of core’s shell beﬁb\."’er Virial, Henriksen & Widroyf 1999). Its deepness depend

hind the moving mass, in the fashion of a wake. However E[lmarlly on M;ii0. Digestion time measurements are shown on

spherical symmetry, an outer wakedoes not contribute to the |gs.|1,|]2, a_ncﬂSjs left panels (double horizontal arrows)j a
pull on the OD. Nevertheless, its mass corresponds to shelis are summarised in Tablg 2. There, they are compared with the

defected from inside because of OD motion, and thefieet can ©P'S free fall dynamical time through the corfBynanica, also
be seen in the dynamics (see Apper@ix A)., indicated on the figureJ.gynamica is defined as the free fall time

In a similar fashion, the dynamicatfect on the OD from its to the centre of a test shel! across a constant density llistri
motion can belescribed in terms of a drag force: the crossing Oﬁsn,.equwalgnt to the core, in self-similar variablesifrTable
core shells by massive OD shell lead to a decrease, or increds Without Fig.[1's two lowest panels, where the definition of
of the resulting inner mass of the moving OD, depending on tAgigesiion iS problematic, the averaé@digestion/-rdynmicao =333,
direction of motion. Thus, with inner mass goes the innel, puWith a standard deviation of. 07, can be computed. It shows
which can be interpreted a dragging force that adds to tfa tothe core digests the OD in 2 to 4 passages in the central relax-
force, that should be experienced in the opposite directithe ation region of phase space. This is comparable to the nuafiber
motion. distinguishable Lagrange-Liouville streams present@adbre’s

Therefore, the SSIM with an outer overdensity can be inteputer phase space regions, as seen from fidk. 1, 4] and s rig

preted to model the main features of the merger paradigm. panels.
From the OD’s point of view, the merFEIers display their ef-

] ) fects in phase spaces, represented on gE. 1, 2[| and 3ts righ
4. Digestions panels, on which two features are crucial: the spread (orcom

Indeed, it is possible to keep track, in the Lagrangian Shgﬁctness) of the OD over the core at t_he end of_the infall phase
model, of the defined satellite’'s (OD’s) components oncg th hd the presence of some, or all, of its sh_ells In the centre of
have been absorbed by the parent (core). The core can be g_cores phase space. This reflects the digestion mechanis

sidered isolated at the end of the accretion phase (Henrik&'OPted byl Syer & White| (19p8). Their proposal aimed at a

& Widrow [L997). The phase space configurations of simulat
merged haloes are displayed on Fidg]1, 2,[dnd 3's right pan
distinguishing between the core and OD’s accreted shetis. T
reveals how the diierent ODs, in their various (shallow or steep
environments, either retain some degree of coherencebafitey
ingested by the core or have been digested and scatteretheve
core’s phase space.

qnamical explanation of the NFW profile. Although this ex-
glanation is not anymore considered (see Ebc. 1), it isaster
ing to note that the presently discussed single merger niodel
ghe SSIM shows signs of inflections (central flattening angkeed
teepening) from its semi-universal, almost isothermahsity
Profile. However this is not the focus of this paper.
The OD’s compactness resists to tidal stripping while its fi-

The left panels of Figsﬂ :[l 2, alﬂj 3 examine the Virial rati al presence in the centre is driven by dynamical frictiome T

of the corresponding cores, and show a remarkable robustn@s® Of @ model satellite in the SSIM displays behaviour well
in the SSIM: the quasi-stable self-similar ph&aEeshown to be agreement with the merger digestion mechanisms proposed by

either marginally or strongly disturbed by the OD absonptio 2 t.er &I ngt: in thehSSIM a cd(igt?[ingj[iohn[;)f Qensity arld rl?ass
but to return to theriginal undisturbed level of the parent af—[ﬁ 'Ods eads tof ertnp faSI%eD(?a et. Itg ratlo?]_lse?]mtb? e
ter a digestion timd gigesiion, Provided a mass flow still fuels the € dominant factor for S compactness, while hiy ,'OS
self-similar equilibrium. Digestion is manifested by a mar promote the sinking of the OD to the centre of the core’s phase

less pronounced initial decrease (entry of extra mass ia icer space. : o . .
creases W), followed by a spike (first crossing of centre gjiv All possmle qualitative types of behaviour are present. if
mop high velocities, thus peaks K) and then, for stronger dig)-mh ratios Mraio andDyaio, are strong enough, the OD survives
turbance, a trough (energy exchanges from phase space in&{&0stintact to the centre of phase space (ftjgs. 2's lowaf§ian

o ; e middle right panels). If only, a0 is high whileDy 4, is low, the
bility, shells spend on average more time at low velocitiess OD is scattered at the centre (Fiﬂs[]l, 5 End 3's upper right pa

2 with Virial markedly diferent from usual value of 1! els). Conversely, a higb; i, and low M4, lead to a compact
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Virial ratio of core ., o Phase Space with OD the satellite’s particles across the parents and towasdseit-

for various mass rafio at OD entry ~ “~ _ near end of SS phase (T=15) tre agree with the tidal stripping and dynamical frictiostpie
from[Syer & White [1998), provided some adaptation to the lan

guage of the SSIM’s symmetry. Finally, and this is the claim o
this paper, the numerical implementation of the model nexagi
i 0416] e T o discretisation, the rapid oscillations of the Virial ratiothe ac-
S R coeEny 4 cretion phasefer a novel interpretation in the light of the SSIM
4.94 merger model: instead of a continuous stream of mass, thelmod
presents a repeated bombardment of finite mass shells that ca
o > be understood as small overdensities; Bg. 1's zoomed twe lo
1 ’ 0.4 est right panels show a spike to manifest the weakest mergers
] L T‘ T o8 digestion; thus the wiggles in the Virial ratio can be intetpd
as manifestation of repeated mergers that are at this legist-i
tinguishable from accretion. Therefore therencssfundamental
> difference between mergers and accretion, the latter being a se-
05 ries of repeated merger with vanishing mass, while therlate
just intermittent accretion. This reconciles approacheh sas

T

'Dynamical

16f
14}
12}

S
=1.17 Toigesion=4-83 7]

2K/W

Mratio=0.753
Dratio=9.19E-2

0.8
0.6
1.6
141
1.2

T

Digestion

2K/IW

1k
Mratio=0.407

0.8 X
Dratio=0.641
06 + At

1.6
14
1.2 B

Toynamica=1-11

2K/W

0.8 | Mratio=0.301

=0.344
Dratio=9.71E-2 MM T =9.
o. 6 |- — - . CDleEnl‘ry

A | 1 = A
0 5 10 15 20 0 00l 002 003 004 005 0.06 Salvador-Solé et al] (20p7) where accretion was presersted

T,.57.68 - PN
T e X memory loss mechanism, eliminating the need to refer to merg

. e . ers.
Figure3. Extreme steep case: Virial ratio and phase space dia-
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A thin OD shell in the inwargutward direction, adding mass
5. Discussion and conclusions +dmop, crossing shells at creates a dierential acceleration

The SSIM has proven its capacity to model a merger event.
simplicity allows one to probe the dynamics of the merger al
the most remarkable result of this work shows that the self- dr = = G(dt)*dmop A1)
similar quasi-stable regime of quasi-Virial equilibrium éx- 2r2 ’ )
tremelyrobust to perturbations that can be of comparable sizfy,is wake of massmy = prdr induces on the OD an acceler-
to the core (equal mass mergers): the Virial ratio, after #ama,s;5p, (backreaction)
or less long period of digestion returns to its stabilisedi- )
nal undisturbed level, after only 2 to 4 passages in the centre, , _ _ Gdmw _ o g = . (Gd)"dmop

. X . : . rag = 2 = odr = iiz 0,
and continues its usual evolution. The spreading and sin&in 2r

r.t. the state without OD which induces an infinitesima-di
rg%cement, thus a wake,

(A.2)
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opposite to the direction of motion. In addition, the ampli¢
of the drag force is shown proportional thnopp, related to
Mratio-Dratio-



