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Abstract

Galaxy and structure formation in a neutrino dominated universe with
cosmic strings are investigated. Unlike in the usual adiabatic scenario
strings survive neutrino free streaming to seed gaiaxies and ciusters. The
effective maximum Jeans mass is about 1.5 X J.OHh;gMO. much lower than
in the adiabatic scenario. Hence cluster formation Is only marginally dif-
ferant than in the coid dark matter (CDM) and strings model. Gu is
slightly larger. Galaxy masses are iower than with strings and CDM. The
mass spectrum of galaxies is flatter than with CDM, and the density profile

about an indlvidual loop is iess steep. in bettar agreement with observa-

tions.
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introgyction

. 1 ) ]
The standara nucleosynthesis scenario ) constrains the energy density

in baryons 1o be n‘B § 0.15, but theoretical prejudice insists that the total
energy density is f1 = 1. The remainder of the density of the universe
must then be non-baryonic. it is called hot if the dark particles have

relativistic peculiar velocitias at the time te of equal mattar and radiation

q
and cold if they do not. Massive neutrinos are the best motivated candi-
date of either kind. and a (hot) tau neutrino with mass m, = 30eV would

be consistent with aii existing constraints.

Models with iinear abiabatic density perturbations and hot dark matter

{HDOM) are, however. hard to reconcie with observations. in thesa
15

modeis perturbations on mass scaies smaller than 10 MO are wiped out by

2,3)

the frea streaming of neutrinos just before te Hence galaxies can

q
only form by fragmentation of larger objects. In order to explain observa-
tions of gquasars at redshifts of about 4. iarge scaie nonlinear structures
had to form early. requiring a large amplitude of the primordial perturba-

tions.

With cosmic strings as the source of density perturbations the situa-
tion Is quite different. The sirings survive neutrino free streaming and can
sead small scaie structure. albeit less efflciently than with cold dark

matter.

We emphasize that the essentials of the scenario are the same as for

strings and COM. Loops with the mean separation of galaxies are to be

4'5). Thus, the scale-free

6)

identified with galaxies and similarly for ciusters
corralation functlon predicted with strings on large scaies Is unaffected.
What is different is the efficiency of accretion. Smail ioops accrete iess
and the mass spectrum of objects n(M) is iess steep. The density profiie

about an individual loop is less stesp than with CDM.



Galaxy cores wouid be primarily baryonic. neutrinos being prevented

. 1) 4
from ciustering on small scaies by phase space constraints °.  Galaxies
wiil have formed recently and thus there will be significant evolution at low

radshifts unlike in the CDM scenario.
Neutrino Accretion

Neutrino accretion may be understood heuristicaily as follows. The
accretion timescals is tH' the Hubble time during which the neutrinos
move a distance X, = v, E,. where v s their velocity. On scales below
)“v perturbations are washed out but on iarger scales they grow in the
usuai way. Neutrinos decouple while they are relativistic. well before
teq' and go nonreiativistic soon before teq aftar which their velocity
decays as a-lct) (a(t) is the scale factor). The comoving scale lva-l
(the Jeans length) thus increases as a(t) in the radlétion dominated era
while the neutrinos are relativistic, is approximately constant (reaching &
maximum) as they go nonrelativistic. and then decreases as a\"lf2 in the
matter-dominated era. At teq the r.m.s. neutrino velocity Is v, “ 0.17
and tH - soh;:Mpc where h5° is the Hubble parameter In units of

— ...l - - -
50kms lMpc . Therefore., at te )‘v(teq) A shsgupc. In

aq
the string modei. perturbations on all comaving scales larger than xv

v,eq

: eq
start growing at teq whereas scales X xv'eq must wait until
-1
- -
Lv,e q aeq] » before growth starts.

Now we proceed to a more preclise treatment. Since the neutrinos

‘ 3

interact very weakly their phase space denslty f(xr,p) is conserved ).
Liouviiie’s equation in physical coordinates and in the Newtonian approxi-

mation reads

af
3t

; . = 3L , B gr - -
+ r.vf + p_.vgf at * m._V_f chb.VEf o] )

whare A ie tha Mawtanian natantial The nautrina Aansity ig



o) = (zﬂ)-adePf(g,g)mv. in an expanding universe. transforming to

comoving coordinates X r/a and g = ap - max one finds the unper—

q/T a -1
turbad solution fo(_:g,g) = 2te + 1 for neutrinos and antineutri-
nos - they decoupie with a relativistic distribution and this is preserved

thereafter.

Our stratagy i5 as !ollowsa). We linesarize (1) and Fourier transform
in X (k shall denote the conjugate momenta). Each Fourier mode will
gvoive independentiy and has a source term given by the Fourier transtorm
of the source density Pg- For simplicity we approximate a loop of mass
M, by a point mass. Then the Fourier transform is Bo(k) = Mo (D
can easily be converted into an integral equation. After evoiving the

modes we Fourier transform back to find the density profile of neutrinos

accraeted around the point mass.

Choosing a(teq) = 1 then In terms of a new time variabie

zZ = %[./aﬂ. - l] the rasulting integral equation for ov(k) = bpv(k)/pv
9)
is

My ) R(z,2)

Z
8,(k,z) = sfdz'[ov(E,Z') +

> J (2)
Zo v.eq [1+a21?2(z,z' )]2
with
F(z,z') = ln[l + --]‘-] - ln[l + -:L] (3)
’ zt z
Ty.e
Here a = kv 7, with v, = —-r;!"—g “ 0.05 being a measure of the neu-
v
- -2 _ W2
trino velocity at teq and T, [swpv,eq/al 2 tH,eq . pv.eq

is the energy density in neutrinos at teq'
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(n comoving unts V.7, = 3.5h;§Mpc. Modes with k >) [vor,]_l
are suppressed. (2) is vaiid right through the radiation-matter transition.
Z, is the time when accretion begins. For k = 0 (2) yleids the usual

equation for the growth of perturbations in CDMm).

We have soived (2) numaericaily for ov(k,z). For large enough Z
each X mode grows as 22 “a(t). Thus
_ -2
C(k) [pv,eqml]ov(k'z)z tands to a constant. in Figure 1 we piot
C(k) versus a(k) for two different values ot Zgy An analytlcal f{it which lIs
2
good for 0 & a < 100 is C(k) = A/(B+a (k)). For Zg = 0.01 (i.a.

initial scale factor ag = 0.04) the constants A and B are A = 1.1 and

B = 1.1/6. For z4 ¢ 0.01 there Is no significant change. For
Zy = 0.1 (Le. ay = 0.44) some growth Is lost and A = 1.1 with
B = 0.4.

The mass proflle of the accreted neutrinos can be caiculated anaiyti~

cally. For a >> 1 the mass inside a comoving radius X Is
X3
oM(<x) = [d X0p_(X)
0

- My %Id?‘g(zn)“aj'd:’;em’%(k) (4)
- atafs - [1 + §]e7]

..-A— = -3- = =
B Y tor z‘J {{ 1 and «a 0.7 for za 0.1, and

L = v,T,/VB ~ e.ﬁhsg'Mpc tor z

where a =
o <¢1 and L~ 5.sh;;Mpc tor
Zy = 0.1. The second term in (4) is the growth suppression due 10
neutrino free streaming. For x >> L there is very littie suppression, but
for x <{ L OM(x i xz. quite different from CDM. Our answer for L
agrees weil with the naive estimate and gives the affactive maximal Jeans

mase M (mace ineida a hall af radius T.) auoted in the abstract.



Baryon Accrelion and Loop Qecay

Accretion of baryons begins on ail scales after baryons decoupia from

3
radiation at a redshift of z 1.5.10°. This makes iittle ditterance on

rec

scales A > L since neutrinos are aiready ciustering and the baryons will
just track them. However. on small scales neutrino perturbations have not
started growing and baryonic ciustering is 1mportantL The equation
governing the fractional density enhancement In baryons 0 = pr/pB in

the matter dominated era lslo)

2
. 44 _ B, _
b+ 3t6 3t2° 41:6695 (5)

wheare Ops is the sourca perturbation. For a polnt mass
Ops = Ml(t)a""(t)o:‘(;). and taking into account the decay via gravita-

tional radiation M.(t) " M (1-—~:‘—) where M. is the initlai mass and £, is
1 1 t’d 1 d

the decay time. (5) can be soived to give (for nB=1/e) the accreted

baryonic mass OMB( a)

a 3/2 1/4 a 3/2 a 3/4
3 3fi"rec a 1 1] rec rec
OM_(a) = M —+———-—} —-*—{——] [—}
MB 1li4 20{ ag [.arec 4 12 ag a

3/2
1la :
-1-15ad] if a < a4
a 3/2 1/4 1/4
3 aj_rec 9| rec a
= M. ||Z + — -———] (6)
ijla zo[ ad] 10| ag4 ,arec]

3/2 /4 3/2
N _;_[arec] ~ _:L[ %4 } ][arec] ] if a > a.
& 12| a4 6 arec] } a ] J a



- _ L]z
happened when a(t) aJ(x) = [x .

Loop decay aiso affects neutrino growth. We hnave integrated (2)
numericaily in the matter dominated era with tha source mass varying as
above. The results are shown in Figure 2 whera the ratio fv of the
growth factors with and without loop decay is plotted as a function of

- Y2
23/ = [ad/aJ] .
Now we caicuiate the density profile taking loop decay and baryon

accretion into account. We can write in a phenomenoclogicai manner

_ a
OM( <{x) = Mseed(aJ(x))[aJ(x)J (7)
The seed mass at aJ(x) is the sum of the neutrino mass at aJ(x) in the
absence of baryons - this equais val - and the mass in baryons at

aJ(x) - we denote this by fBMl' where -fB is given by (8). Hence from

(4) and (7)
M.a
OM(¢x) . 3_1 L
i 4_1‘13 x[fB + fv](x) (8)
Consequences

Now we turn to the consequences of the above calculations. We
normaiize Gu (& is the mass per unit length in string, G is Newton's con-
stant) by demanding that loops with a mean separation of Abell ciusters
have accreted an Abeil cluster mass around them. Since OM/M ~ 130

inside an Abaell radiusn)

the comoving scale corresponding to the Abell
ragius ahgéMpc is (130)1/33h;é'Mpc - 15h;é'Mpc. much larger than the
maximal effective Jeans length L. Thus, only a very smail growth factor

is lost compared to the cosmic string scenario with COM.
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However gaiaxies are much smaller than with CDM. For gaiaxy loops

we find a.d/a ° 10 and nence fB + fv * 0.75 on scales X ~ 1MpcC

rec

11
corresponding to masses of ° 3.10 MO EB + Ev is very weakly depen-—

dent on x. aithough fg >0 fv at small x and vice versa at large X.

The galaxy loop mass is given in terms of the ciuster loop mass

Mcloop' fixed by the mass Mc of a cluster .
1/3
- M
Mf::l.oop = %{f—} 1+zc : (9
b eq
2
— cc
Here 25 - 130["-—-] is the overdensity in a ciuster today and o_ I8
Py 700 c

1l

the one dimansional velocity dispersion in kms ~. The factor 5 comes

from matching the growth through the matter-radiation transition 1o that of

)

a spharicai coliapse mcu:lell2 . and B/pb ontars because from this one

can tell the redshift at turnarounds). ¢ is a factor representing the loss
in growth due to a loop being formed near zeq. if a loop is formed
exactly at zeq then & ~ 4. The mass of a galaxy ioop I8

2
Mgloop = Mcloop(dg/dc) where dg(dc) is the mean separation of

gaiaxias (ciusters).

in the sphericai coliapse model a shell which collapses reaches Its
greatest density when 8p/p caiculated in linear theory reaches 1.58. We
shall use this 1o define, through (8). the total noniinear mass accreted by

a ioop. Using dg/dc = 1/11 and EB + fv = 0.75 we find

8 6
. 10, 5 ol 3[*dq
Mialaxy °-19 Mohso(7oof ¢a d (10

where £, is ¢ In units of 4. This corresponds to a rotation velocity for

the shell just coliapsed of
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1/3 o] 2 11d 2
- - galaxy . . =li_e) .2 [»|
Vit ﬁag Vel M_ ] o s50}ans 700] nsoeq[ 3 (in
2
. 15 -1] % 2 -1
using MC = 10 MOhso 300 = 30°R/G where R = 3h50 Mpc is the

Abell radius. |If nB = 1/8 and the baryons contract by a factor of 8 then

the optical rotation velocity would be similar.

Qur gafaxies therefora fook rather smaili, but the resuits inciude con-

sidarable observational uncertainties. " crc = 1000 than

M

- 12
galaxy 10 MO. increasing £ and h50 further increases the result.

. . 1
This increases the string tension required. smces’ 2)

o 8/3
- -6, -1 -1 -2/3, [_¢c

‘810 and v 1 givea the vaiues of the string parameters in units of their

.0
5)

*standard” vaiues increasing G in turn boosts the magnitude of the

expoctad sireaming velocityn).

With hot dark matter galaxies look very different than with CDM.

7)

Phase space arguments show that 30eV neutrinos cannot cluster on

scales smaller than about 10Kpc. Hence the Inner ragions of galaxies

would be almost entirely baryonic. The halo would be comprised of neu-

trinos. The density profile for hot dark matter is p(r) ~ 2 which gives

a fiat halo rotation curve. This result foliows from the analysis of Fillmore

14)

and Goidreich which shows that an Initial spherical perturbation with

OM/M ~ r” with v < 2 always collapses to give flat rotation curves.

The mass function of objects expected with HDM Is also different than

with CDM. From (B) we¢ see that to a first approximation the noniinear

3.

mass M scales as x Mi. since f‘B depends only very weakly on the

decay time. Let n(M)dM dencte the number density of objacts with
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masses in the range [M,M + dM]. For strings and CDM n(M) ~ M_s/z
)

on the scale of galaxies which Is uncomfortabiy staep15 . For HOM we
find using n(Ml)dMl - MIS/ZdMl that n(M) ~ M-ajz. in better agreement
with the Schechter Iuminosity function. This is valid for masses

M > Mcu' whore Mcu is given by the mass accreted by a loop which

decays at t - a.10 M Oblects with M ¢ M_  are seeded

recMeu galaxy’
by loops which dscay at td(R) Tt
16)

rec’ td(R) is given by

td(R) = ('yGu.)-lR with ¥ = 5 The mass accreted by such a loop

can be determined from (6) by expanding in R - (yGu)t We find

rec’
that in the limit M - 0 n(My ~ M-lﬂ. For ciusters (M > MJ) wa have
the same n(M) as with CDM. which has been shown to fit the data rather

wallt?),

We conclude that the cosmic string theory with- HDM Is a viable
cosmoiogical model which deserves further study. There are tastable
differances compared to a modei with COM. Flat halo rotation curves. a
characteristic mass function and smaller galaxy masses are the main pred-

ictions.

Aftar completing this work we recelved a preprint by Bertschinger and

i8)

Watts reporting on similar caiculations Neutrino clustering in a more

genoral context has aiso recenilly been considered in Ref. 19.
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figure Captions
Figyre 1 The net growth of the neutrino perturbation at late times t. a

Eigure 2

is the wave number in units of (vo'r,,)-l . In particuiar.
a = 0 corrasponds to COM growth. av(a) Is gbtalned from C

by multipiying by the seed perturbation Ml/p and by the

v,eq

scaie factor a(t)/a(t The solid curve represents the

eq)'
resuits starting with zerc perturbations at a redshift a(t) <<

a(t__). the dashed line starting at a(t)/ a(t_ ) = 0.44.

eq eq

Loss in growth due to loop decay for galaxy ioops. fv is the
ratio of the density perturbation with and without loop decay as
a function of wave length X\. ajy is the scale factor when X\

equals the Jeans length, ag when the loop decays.
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