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THE FIRST COMPACT OBJECTSIN THE MOND MODEL� ��S. Sta
hniewi
za and M. Kuts
heraa;baH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, PolandbM. Smolu
howski Institute of Physi
s, Jagellonian UniversityReymonta 4, 30-059 Kraków, Poland(Re
eived O
tober 16, 2001)We tra
e the evolution of a spheri
ally symmetri
 density perturbationin the MOdi�ed Newtonian Dynami
s (MOND) model. The ba
kground
osmologi
al model is a �-dominated, low-
b Friedmann model with noCold Dark Matter. We in
lude thermal pro
esses and non-equilibrium
hemi
al evolution of the 
ollapsing gas. We �nd that the �rst density per-turbations whi
h 
ollapse to form luminous obje
ts have mass � 105M�.The time of the �nal 
ollapse of these obje
ts depends mainly on the valueof the MOND a

eleration a0 and also on the baryon density 
b. Forthe �standard� value a0 = 1:2� 10�8 
m/s2 the 
ollapse starts at redshiftz � 160 for 
b = 0:05 and z � 110 for 
b = 0:02.PACS numbers: 95.30.Lz, 95.30.Sf, 98.35.Mp, 98.80.Bp1. Introdu
tionRe
ent developments in 
osmologi
al observations have led to so-
alled
osmologi
al 
on
ordan
e model with 
b about 0.03, 
m (dark+baryoni
)about 0.3 and 
� about 0.7. However, as the �CDM models are dominatedby hypotheti
al va
uum energy and non-baryoni
 dark matter 
ontributions,some s
ientists look for di�erent solutions. Perhaps the most interestingalternative model is the MOdi�ed Newtonian Dynami
s model (MOND)� Presented by S. Sta
hniewi
z at the XXV International S
hool of Theoreti
al Physi
s�Parti
les and Astrophysi
s � Standard Models and Beyond�, Ustro«, Poland,September 10�16, 2001.�� This resear
h is partially supported by the Polish State Committee for S
ienti�
Resear
h (KBN), grant no. 2 P03B 112 17.(3629)



3630 S. Sta
hniewi
z, M. Kuts
heraproposed by Milgrom [1℄. It assumes that there is no non-baryoni
 darkmatter (or it is negligible) and the la
k of matter is only apparent due tomodi�
ation of dynami
s or gravity for small a

elerations (a � a0 wherea0 is some 
onstant). This model seems to work very well for spiral galaxiesand many other types of obje
ts [2℄ but, however, it has some unresolvedproblems (e.g. la
k of 
ovarian
e).Our aim here is to study what would be the impli
ations of the MONDmodel for the formation of the very �rst obje
ts in the Universe.2. MOND vs the standard theory of linear perturbationsTo apply the MOND model to stru
ture formation 
al
ulations one en-
ounters a number of di�
ulties. First of all, MOND is not a theory, it israther a phenomenologi
al model. In its present form MOND is in
onsistentwith the General Relativity. Up to now there were no su

essful attempts to�nd a generally 
ovariant theory that 
ould be a generalisation of the Gen-eral Relativity and would give a MOND-like predi
tions in the low-gravitylimit [2℄.MOND is a model that modi�es either dynami
s or gravity (in this paperwe assume this se
ond possibility). It introdu
es a new fundamental s
ale,usually 
alled a0. Gravitational �elds mu
h stronger than a0 are identi
alto their Newtonian limit gN and very weak �elds are pa0gN. A

ording toSanders and Verheijen [3℄ the value of the fundamental a

eleration s
ale isa0 = 1:2�10�8
m=s2. More pre
isely, the strength of the gravitational �eldmay be written as �� ga0�~g = ~gN ; (1)where �(x) is some fun
tion that interpolates between these two extreme
ases. This fun
tion is not spe
i�ed in the model. We have de
ided to applythe fun
tion used by Sanders and Verheijen [3℄:�(x) = xp1 + x2 (2)and, �nally, ~g = ~gNvuut1 +q1 + � 2x�22 ; (3)where x = gN=a0.If we 
onsider the gravitational �eld of a point mass M , for distan
esR >pGM=a0 the gravitational �eld would be in the MOND regime, whereits strength would de
rease as 1=R instead of 1=R2. It means that there isno es
ape velo
ity and all systems are gravitationally bound.



The First Compa
t Obje
ts in the Mond Model 3631The 
onsequen
es of the MOND for 
osmology are not studied in detailsyet. Sanders [4℄ suggested that be
ause in the early Universe the MONDradius is mu
h lower than the radius of the horizon the evolution of the s
alefa
tor is des
ribed by the standard Friedmann equations. Here we follow thisassumption and study the formation of the �rst obje
ts in the Universe withmodi�ed dynami
s.2.1. Collapse of a pressureless �uid in MONDLet us 
onsider a homogenous ball of density % and some radius R,expanding uniformly in all dire
tions with speed proportional to the distan
efrom the 
entre. For a sphere of radius r the de
eleration in the Newtonianlimit is gN = GMr2 = 43�G%r (4)and, of 
ourse, expansion is s
ale-invariant be
ause de
eleration and velo
ityalways are proportional to the radius r. However, we 
an �nd some radiusr0 where gN(r) < a0 for r < r0 � further we will 
all it a `MOND radius'.For r < r0 the gravity is in the MOND regime and the dynami
s is 
hanged.The evolution of the MOND radius r0 in the early Universe is dis
ussed indetails by Sanders [4℄.In the standard perturbation theory, if the mean density is 
omparablewith the 
riti
al density of the Universe (it is true at least for large redshifts)the re
ollapse depends very strongly on the value of the overdensity. Regionswith mean density less than the 
riti
al density will not re
ollapse at all andvi
e versa. Moreover, the time of the re
ollapse is very sensitive to the valueof the density. In MOND it is di�erent be
ause there is no 
riti
al density.The overdensity does not play an essential role and the re
ollapse is similarfor regions of di�erent densities.It is quite easy to derive the linear perturbation theory in the Newto-nian limit (e.g. in Kolb and Turner [5℄). In MOND it is mu
h more di�
ultbe
ause there appear nonlinear terms 
onne
ted with r', where ' is thegravitational potential. However, it is known that the rare highest �u
tua-tions in the primordial density �eld were nearly spheri
ally symmetri
 [6℄, soas long as we are 
on
erned with the very �rst bound obje
ts in the Universewe may assume spheri
al symmetry.Now let us 
onsider a spheri
ally symmetri
 overdensity with densitypro�le %(r) = (1 + Æ(r))�% : (5)



3632 S. Sta
hniewi
z, M. Kuts
heraOf 
ourse, the density 
hanges with time be
ause of expansion or re
ollapse,but the mass inside some shell iMi = riZ0 4�r2%(r)dr (6)remains 
onstant, so the de
eleration for a shell of radius ri will be equal tod2dt2 ri = �f(ri) ; (7)where f(ri) is the MOND gravitational for
e and it depends on GMi=ri anda0. Let us drop the subs
ript i. If we multiply this equation by dr=dt weget ddt "12 �drdt�2# = �f(r)drdt (8)and after integrating over t we obtaindrdt =p�2F (r) + C ; (9)where F 0(r) = f(r) and C is some 
onstant whi
h may be easily 
al
ulatedif we know initial radius and velo
ity for a given fun
tion F (r). This formulamay be easily integrated, e.g. with the Runge-Kutta algorithm.To show the di�eren
e between the MOND and the Newtonian gravity,we have performed a set of 
al
ulations. We have tra
ed the evolution of adust 
loud (no pressure) expanding homogeneously in all dire
tions. Initialradius ri, velo
ity vi, density %i and time ti were taken from the 
 = 1Friedmann model with no radiation for z + 1 = 500 and h = 0:65. Initialradius was 
hosen to be the MOND radius at that time. We have performedeight runs:� pure Newtonian gravity with the density equal to %i, 0:80%i and 1:25%i,� MOND with the density as above,� MOND with the a0 parameter ten times greater than the standardvalue and mean density equal to %i,� MOND with the a0 parameter ten times lower than the standard valueand mean density equal to %i.



The First Compa
t Obje
ts in the Mond Model 3633The results are displayed at Fig. 1. Solid 
urves show the traje
tories inthe MOND model and the long-, middle- and short-dashed ones show thetraje
tories for the Newtonian gravity, MOND with large a0 and MONDwith low a0, respe
tively. For the �standard� MOND and the Newtoniangravity lower 
urves show the traje
tories for runs with greater densities(1:25%i) and upper 
urves show the traje
tories for lower densities (0.80%i).
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Fig. 1. Collapse of a pressureless �uid in MOND and in the Newtonian gravity.As one 
ould expe
t, raising or lowering the initial density by 25% doesnot have a big in�uen
e if we apply the MOND model while it plays a 
ru
ialrole for the Newtonian gravity if the density is near the 
riti
al one (it isalways true in the early Universe whi
h is �at at least asymptoti
ally at thebeginning) � models with higher densities tend to re
ollapse while modelswith the lower one do not. The results are quite sensitive to the value ofa0 be
ause it is the limit between the Newtonian and the MOND regimes,however, it is a quantitative e�e
t only and the dust 
louds in su
h modelswill always re
ollapse. 2.2. Collapse of a perfe
t gasIf we take a perfe
t gas instead of the pressureless �uid, the evolutionwill look di�erent be
ause e�e
ts of pressure will moderate the re
ollapse,espe
ially for small systems. As we assume spheri
al symmetry, we useLagrangian 
oordinates.



3634 S. Sta
hniewi
z, M. Kuts
heraThe dynami
s is governed by the following equations:dMdr = 4�r2%; (10)drdt = v ; (11)dvdt = �4�r2 dpdM � GM(r)r2 ; (12)dudt = p%2 d%dt + �% ; (13)where r is the radius of a sphere of mass M , u is the internal energy perunit mass, p is the pressure and % is the mass density. Here Eq. (10) isthe 
ontinuity equation, (11) and (12) give the a

eleration and (13) a
-
ounts for the energy 
onservation. The last term in the Eq. (13) des
ribes
ooling/heating of the gas, with � being the energy absorption (emission)rate per unit volume, given in details in [7℄.We use the equation of state of the perfe
t gasp = (
 � 1)%u ; (14)where 
 = 5=3, as the primordial baryoni
 matter after re
ombination isassumed to be 
omposed mainly of monoatomi
 hydrogen and helium, withthe fra
tion of mole
ular hydrogen H2 always less than 10�3.In 
ase of modi�ed gravity, equation (12) will look a bit di�erent:dvdt = �4�r2 dpdM � f �GM(r)r2 � ; (15)where f(x) is the fun
tion inverse to the fun
tion �(x) mentioned beforeand it is asymptoti
ally equal to x for x� a0 and pa0x for x� a0.3. Code used in the simulationsIn the simulations we have used the 
ode des
ribed in [7℄, based onthe 
odes des
ribed by Thoul and Weinberg [8℄ and Haiman, Thoul andLoeb [9℄. This is a standard, one-dimensional, se
ond-order a

urate La-grangian �nite-di�eren
e s
heme. The only 
hanges were modi�
ation ofgravity and putting the dark matter fra
tion 
dm equal to zero. However,it was ne
essary to make signi�
ant 
hanges in initial 
onditions.First of all, we start our 
al
ulations at the end of the radiation-dominatedera. For 
b = 
m = 0:02, zeq = 203 and for 
b = 0:05, zeq = 507 as given bythe formula provided by Hu and Eiseinstein [10℄, zeq = 2:50� 104
0h2��42:7,
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t Obje
ts in the Mond Model 3635where �2:7 = T
=2:7 K, assuming h = 0:65 and T
=2.7277 K. We haveassumed that, as in the standard 
osmology, initial overdensities may growonly in the matter-dominated era. We have developed and tested our own
ode to 
al
ulate the initial 
hemi
al 
omposition and initial gas tempera-ture. We have 
ompared our results with the results by Galli and Palla [11℄and they turned out to be very similar � the agreement is at a level of10�20%. The di�eren
e was probably due to the fa
t that Galli and Pallahave in
luded more spe
ies (e.g. deuterium and lithium) and some rea
tionrates that they used were a bit di�erent.4. ResultsWe have performed eight runs, for various 
ombinations of 
b (0.02 and0.05), 
� (1�
b and 0) and a0 (1:2�10�8
m/s2 and 1:2�10�9
m/s2). Totalmass of a 
loud is about 3� 105 M�. Results are displayed on Figs. 2�7.Fig. 2 shows traje
tories of shells en
losing 7%, 17%, 27% . . . 97% of thetotal mass for the models with the �standard� value of a0.Fig. 3 shows the same for the models with a0 10 times lower than the�standard� value.In �gures 2�5 upper plots are for 
b = 0:02, lower ones for 
b = 0:05,plots at left for 
� = 1� 
b and plots at right for 
� = 0.
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Fig. 2. Shell traje
tories for the �rst four runs, for the �standard� value of a0.
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Fig. 3. Shell traje
tories for the last four runs, for a0 10 times lower than the�standard� value.These results show that:� if we set the 
osmologi
al 
onstant to zero, it a�e
ts the results veryslightly � 
ollapse is a bit slower (it is due to the fa
t that non-zero
osmologi
al 
onstant a�e
ts behaviour of the s
ale fa
tor and, thus,the initial velo
ities);� time of 
ollapse depends very strongly on a0;� results are more sensitive to the value of 
b for higher a0;� mass � 105 M� is the boundary between the regime when the gase�e
ts dominate and the 
loud virializes without further 
ollapse toa 
ompa
t obje
t (or at least this 
ollapse is mu
h slower), and the
ollapse regime when the gas e�e
ts may be negle
ted. The boundarymass is a bit higher for lower a0.The last point needs some 
omments. S
ientists who explore the originof the Large S
ale Stru
ture often negle
t gas terms, i.e. set pressure andinternal energy equal to zero. Our paper is not the �rst one that dealswith the stru
ture formation in MOND � this problem was also explored



The First Compa
t Obje
ts in the Mond Model 3637by Sanders ( [4℄ and [12℄) and Nusser [13℄ but they were interested mainlyin the large stru
ture formation and they did not in
lude gas e�e
ts. It isa good approximation for large s
ales but gas e�e
ts play a 
ru
ial role insmall s
ale stru
ture formation.If we look e.g. at Fig. 2, for the outer shells the 
ollapse is almost�symmetri
� to the expansion, the slow-down by gas pressure is very tiny.In 
ontrast, the most innermost shells show a big asymmetry � expansion,
ollapse and then sho
k waves make the matter to virialize (the kineti
energy of a 
ollapsing shell is turned into the internal energy of the gas) sothe 
ollapse is stopped. Only pressure of the outer shells and the 
oolingpro
esses (espe
ially the 
ooling by mole
ular hydrogen H2) for
e them to
ollapse.Figs. 4 and 5 show the same as Figs. 2 and 3, but as a fun
tion ofredshift instead of the 
osmi
 time. They show that the 
ollapse of the �rst
ompa
t obje
ts in MOND is really very fast � for high 
b and �standard�a0 it happens at z � 160, for lower 
b it happens at z � 110 and for lower a0at z � 50�60. It is a very strong predi
tion and hopefully it may be testedin the future by the Next Generation Spa
e Teles
ope (NGST) or (perhaps)some of its su

essors � if they dis
over luminous obje
ts or ionised gas atz > 20�30 it will strongly support the MOND model.
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Fig. 4. Shell traje
tories as a fun
tion of redshift, for the �rst four runs or the�standard� value of a0.
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tories as a fun
tion of redshift, for the last four runs or a0 10times lower than the �standard� value.
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3640 S. Sta
hniewi
z, M. Kuts
heraThe last two �gures show the evolution of shell temperatures (Fig. 6)and 
hemi
al 
omposition of a shell en
losing 12% of the total mass (Fig. 7)for the runs with non-zero 
osmologi
al 
onstant. Upper plots are for the�standard� a0, lower ones for a0=10, plots at left for 
b = 0:02 and plotsat right for 
b = 0:05. Shell temperatures behave in a very similar way:they fall (due to the Hubble expansion), then rapidly grow (
ollapse) andagain fall (due to the 
ooling pro
esses). For the �standard� a0 maximaltemperatures are signi�
antly higher (up to 4500 K for the high-
b model)so the 
ooling is mu
h more e�
ient and the �nal 
ollapse is faster. It isthe e�e
t of higher gravity and, thus, higher outer pressure. The evolutionof 
hemi
al 
omposition is qualitatively similar for all runs and all shells. Itbehaves similarly to the predi
tions of ba
kground 
osmologi
al models upto the time of 
ollapse. The greatest di�eren
es are for H+2 and espe
iallyH2 whi
h eventually rea
hes the �nal abundan
e of the order of 10�3. Oneshould stress that at the time of 
ollapse 
hemi
al rea
tions are mu
h fasterbe
ause their rates are proportional to %2.It is worth to note that in order to avoid arbitrarily small time-steps, wehave adopted a numeri
al tri
k des
ribed by Thoul and Weinberg [8℄: if ashell falls below some radius r
 it is set to some 
onstant value and 
hemi
alrea
tions and 
ooling are frozen. It means that the ��at� parts of the 
urvesat the end of ea
h plot sometimes pre
eeded by a strange behaviour of theshell temperature (very narrow �peaks� for the low-a0 models) are arti�
ial.5. Con
lusionsIf the assumptions of the MOND were 
orre
t, the �Dark Ages� end veryearly � about z � 110�160 for the �standard� a0 and about z � 60 for a010 times lower. It may be a good test of MOND in future be
ause in thestandard (�)CDM s
enario the �rst luminous obje
ts may appear only forz � 10�20. However, mu
h more work is ne
essary in order to understandMOND and, in parti
ular, the MOND 
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