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SPHERICAL COLLAPSE FOR A VISCOUS GENERALIZEDCHAPLYGIN GAS MODELWei Li a;b*, Lixin Xu a**aInstitute of Theoreti
al Physi
s, S
hool of Physi
s and Optoele
troni
 Te
hnology,Dalian University of Te
hnology116024, Dalian, ChinabDepartment of Physi
s, Bohai University121013, Jinzhou, ChinaRe
eived September 2, 2014The nonlinear 
ollapse for a vis
ous generalized Chaplygin gas model (VGCG) is analyzed in the framework ofspheri
al top-hat 
ollapse. Be
ause the VGCG and baryons are essential to form the large-s
ale stru
ture, wefo
use on their nonlinear 
ollapse in this paper. We dis
uss the in�uen
e of model parameters � and �0 on thespheri
al 
ollapse by varying their values and 
ompare with the �CDM model. The results show that for theVGCG model, smaller �0 and larger � make the stru
ture formation earlier and faster, and the 
ollapse 
urvesof the VGCG model are almost 
oin
ident with those of the �CDM model when the model parameter � is lessthan 10�2.DOI: 10.7868/S00444510150400591. INTRODUCTIONIn re
ent years, an in
reasing number of 
osmologi-
al observations suggest that our universe is �lled withan imperfe
t �uid that in
ludes bulk vis
osity in itsnegative pressure; this pressure was dubbed the e�e
-tive pressure, as was argued in [1; 2℄. Based on this
ondition, vis
ous generalized Chaplygin gas models[3�7℄ were extensively investigated as 
ompetitive mod-els to be used in explaining the late-time a

eleratedexpansion of the universe. In these papers, the vis
ousgeneralized Chaplygin gas (VGCG) model uni�ed darkenergy and 
old dark matter into a unique imperfe
tdark �uid, whi
h retains the property of simulating the�CDM model well on the ba
kground level.Usually, the bulk vis
osity is 
hosen to be a density-dependent or time-dependent fun
tion. A density-dependent vis
osity 
oe�
ient � = �0�m is widely in-vestigated in the literature, with �0 > 0 ensuring apositive entropy in agreement of the se
ond law of ther-modynami
s. In our previous work [4; 5℄, we studiedthe 
ase m = 1=2, and obtained good results in line*E-mail: liweizhd�126.
om**E-mail: lxxu�dlut.edu.
n; 
orresponding author

with the 
osmi
 observations. If a model 
annot de-s
ribe the observed large-s
ale stru
ture and the ba
k-ground evolution, it should be ruled out be
ause of a
on�i
t among the 
osmi
 observations and the theoret-i
al 
al
ulation, and the VGCG model is no ex
eption.Be
ause the universe's original perturbations are theseed of the large-s
ale stru
ture, investigating the evo-lution of density perturbations of a realisti
 
osmolog-i
al model be
omes very important. During this pro-
ess, the study of nonlinear perturbations is inevitable.To the best of our knowledge, hydrodynami
al/N -bodynumeri
al simulation (see, e. g., [8�11℄) is a 
umbersometask, whi
h is typi
ally used in dealing with a fully non-linear analysis. Fortunately, there is a simple frame-work to solve this issue. In [15℄, the nonlinear 
ollapseof a general Chaplygin gas model [16℄ was investigatedin the framework of spheri
al top-hat 
ollapse. Theauthors 
on
luded that with in
reasing the value of �,the growth of the stru
ture be
omes faster. In this pa-per, we expand their work by 
onsidering bulk vis
osityin the general Chaplygin gas model (VGCG). Besidesthe parameter �, we also analyze the e�e
t of the bulkvis
osity �0 on the stru
ture formation in the VGCGmodel with a spheri
ally symmetri
 perturbation.The paper is organized as follows. In Se
. 2, we givea brief review of the VGCG model and present some709
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 equations for spheri
al top-hat 
ollapse. Se
tion 3des
ribes the method and main results. The 
on
lusionis presented in the last se
tion.2. THE BASIC EQUATIONS FOR SPHERICALTOP-HAT COLLAPSE IN THE VGCGMODELIn an isotropi
 and homogeneous universe, the ef-fe
tive pressure of a VGCG model [4; 5℄ is given in theform [14�16℄pV GCG = � A��V GCG �p3 �0�V GCG; (1)and the equaton of energy density is�V GCG = �GCG0 � Bs1�p3 �0 +�1� Bs1�p3 �0� �� a�3(1+�)(1�p3 �0)i1=(1+�) ; (2)where Bs = A=�1+�GCG0, � and �0 are model parameters,and we require that 0 � Bs � 1 and �0 < 1=p3. We
an obtain the standard �CDM model when � = 0 and�0 = 0. By 
onsidering the VGCG as a uni�ed 
ompo-nent and taking the assumption of a purely adiabati
perturbations, it is easy to obtain the Friedmann equa-tionH2 = H20 �(1� 
b � 
r � 
k) � Bs1�p3 �0 ++ �1� Bs1�p3 �0� a�3(1+�)(1�p3 �0)�1=(1+�) ++ 
ba�3 +
ra�4 +
ka�2� ; (3)and the e�e
tive adiabati
 sound speed for the VGCG:
2ad;eff = _pV GCG_�V GCG = ��weff �p3 �0; (4)where weff is the EoS of the VGCG in the form ofweff = w �p3 �0 == � BsBs + (1�Bs)a�3(1+�) �p3 �0: (5)Be
ause of the negative values of weff , � � 0 is re-quired in order to ensure that the speed of sound isnonnegative.The spheri
al 
ollapse (SC), whi
h provides a wayto glimpse into the nonlinear regime of the perturba-tion theory, was introdu
ed �rst by Gunn and Gutt

1972 [17℄. Following the assumption of a top-hat pro�le(that the density perturbation is uniform throughoutthe 
ollapse), the evolution of the perturbation is onlytime-dependent. In other words, we 
an omit the gra-dients inside the perturbed region, as was done in [12℄.In the spheri
al top-hat 
ollapse (SCTH) model, theequations for ba
kground evolution are_� = �3H(�+ p); (6)�aa = �4�G3 Xi (�i + 3pi); (7)and the basi
 equations in the perturbed region are_�
 = �3h(�
 + p
); (8)�rr = �4�G3 Xi (�
i + 3p
i); (9)where �
 = � + Æ� and p
 = p + Æp are the perturbedquantities, and h is related to H in the STHC frame-work as h = H + �3a; (10)where � � r � v is the divergen
e of the pe
uliar velo
-ity v.Hen
e, the equations for density 
ontrast Æi == (Æ�=�)i and � are [12; 18℄_Æi = �3H(
2ei � wi)Æi � [1 + wi + (1 + 
2ei)Æi℄�a ; (11)_� = �H� � �23a � 4�GaXi �iÆi(1 + 3
2ei); (12)where the e�e
tive speed of sound is 
2ei = (Æp=Æ�)i,where i stands for di�erent energy 
omponents. Equa-tions (11) and (12) 
an be rewritten in a form with thes
ale fa
tor a,Æ0i = �3a (
2ei�wi)Æi�[1+wi+(1+
2ei)Æi℄ �a2H ; (13)�0 = ��a � �23a2H � 3H2 Xi 
iÆi(1 + 3
2ei); (14)where we use the de�nition 
i = 8�G�i=3H2.From the above equations, we 
an �nd that w
 and
2e are important quantities. The de�nition of the equa-tion of state w
 isw
 = p+ Æp�+ Æ� = weff1 + Æ + 
2e Æ1 + Æ ; (15)and the most important e�e
tive speed of sound is
2e = ÆpÆ� = p
 � p�
 � � = ��weff �p3 �0: (16)710
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Fig. 1. The evolutions of density perturbations with re-spe
t to the redshift for VGCG models, where the bulkvis
osity 
oe�
ient is �xed at �0 = 0:000708. The thi
k,dashed, dotted, thin grey solid, and grey dashed lines arefor � = 1; 0:5; 0:1; 0:01; 0 respe
tively, for baryons (a)and the VGCG (b ). The horizontal line Æ = 1 denotesthe limit of linear perturbation and the verti
al parts of
urved lines are the 
ollapse of the perturbed regions3. THE METHOD AND RESULTSTo study the nonlinear evolution of the baryon andVGCG perturbations in the framework of spheri
al top-hat 
ollapse, we perform a mathemati
al simulation viathe software Mathemati
a. In this pro
ess, we solve dif-ferential equations (13) and (14) with the initial 
ondi-tions Æd(z = 1000) = 3:5 � 10�3, Æb(z = 1000) = 10�5,and � = 0, whi
h are the 
onditions used in Ref. [12; 19℄.To show the in�uen
e of the model parameter � and�0 on the spheri
al 
ollapse, we let the other relevant
osmologi
al model parameters take their 
entral valuesH0 = 70:324 km � s�1 �Mp
�1, 
d = 0:954, 
b = 0:046,and Bs = 0:766, whi
h were obtained in Ref. [4℄. We�rst investigate the impa
t of the parameter � on the
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Fig. 2. The evolutions of w
 and wd with respe
t to theredshift z for VGCG models, where the thi
k, dashed,dotted, grey solid and grey dashed 
urved lines arefor � = 1; 0:5; 0:1; 0:01; 0 respe
tively for w
 (a) andwd (b)Table. Models for the STHC model, where the valuesof � are small nonnegative values be
ause of the 
on-straint from ba
kground evolution. Note that model�a� is identi
al to the �CDM model. The redshift ztais the turnaround redshift when the 
ollapse of the per-turbed region beginsModel � �0 Bs ztaa 0 0 0:766 0:104b 0:01 0:000708 0:766 0:128
 0:1 0:000708 0:766 0:251d 0:5 0:000708 0:766 0:667e 1 0:000708 0:766 0:785711
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Fig. 3. The evolutions of density perturbations withrespe
t to the redshift for VGCG models, where themodel parameter is �xed at � = 0:035 and the thi
k,dashed, dotted and grey solid 
urved lines are for�0 = 10�3; 10�4; 10�5; 0 respe
tively for baryons (a) andthe VGCG (b ). The horizon line Æ = 1 denotes the limitof linear perturbation and the verti
al parts of the 
urvedlines are the 
ollapse of the perturbed regionsnonlinear 
ollapse. By �xing �0 = 0:000708, whi
h isobtained in our previous work [4℄ and varying the modelparameter � = 1, 0:5, 0:1, and 0:01, we obtain the re-sults shown in Table and in Figs. 1 and 2, where zta isthe turnaround redshift when the 
ollapse of the per-turbed region begins. We also plot the 
ollapse 
urvesof the �CDM model using the grey dashed 
urves inthe two �gures above to 
ompare it with the VGCGmodel. From these results, we 
an 
on
lude that theperturbations 
ollapse earlier for the larger values of �;furthermore, the 
ollapse 
urves of the VGCG modelare almost 
oin
ident with those of the �CDM modelwhen the model parameter � is less than 10�2. This
on
lusion is the same as the result obtained in theprevious papers, su
h as Ref. [12; 19℄.
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Fig. 4. The evolutions of w
 and wd with respe
t to theredshift z for the VGCG model with � = 0:035, wherethe thi
k, dashed, dotted, and grey solid 
urved lines arefor �0 = 10�3; 10�4; 10�5; 0 respe
tively for w
 (a) andwd (b )Next, we show the e�e
t of �0 on the evolutionof density perturbations in the VGCG model. Here,we �x � = 0:035, whi
h is borrowed from our previ-ous work [4℄, and 
hange the bulk vis
osity values to�0 = 0:001, 0:0001, 0:00001, and 0. The 
orrespondingevolutions of density perturbations of baryon matterand the VGCG are shown in Fig. 3 and the evolution ofthe EoS parameter is displayed in Fig. 4. In Fig. 3, thehorizontal line Æ = 1 denotes the linear perturbationlimit and the verti
al parts of the 
urved lines standsfor the perturbed region 
ollapse, when
e we 
an 
on-
lude that the smaller bulk vis
osity 
oe�
ient �0 
anlead to the earlier 
ollapse, that is to say, the larger thevalue of �0 is, the later the 
ollapse o

urs. Therefore,this is the reason why the bulk vis
osity 
oe�
ient �0should not be too large.From the analysis above, we 
an 
learly understandthe impa
t of the model parameters �0 and � on theevolution of density perturbations. In addition, we 
an712
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on
lude that the in�uen
e of � is 
onspi
uous as ex-pe
ted, be
ause � is strongly linked with the e�e
tivespeed of sound of the perturbations.4. CONCLUSIONWe have dis
ussed the stru
ture formation of thevis
ous generalized Chaplygin gas model in the spheri-
al top-hat 
ollapse framework. We studied the e�e
tsof �0 and � on the nonlinear perturbation evolutionvia 
hoosing their di�erent values and 
ompare withthe �CDM model. On the basis of the 
al
ulationsand analysis, we 
an 
on
lude that large � and small�0 
an lead to an earlier and faster 
ollapse, andwhen the model parameter � is less than 10�2, the
ollapse 
urves of the VGCG model almost overlapwith those of the �CDM model. In the next work,we will try to study nonlinear 
ollapse by using thehydrodynami
/N -body numeri
al simulation.L. Xu's work is supported in part by NSFC underthe Grant No. 11275035 and the Fundamental Resear
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