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New Class of Dark Matter Objects and their Detection
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Abstract: About one-fourth of the universe is thought to consist of dark matter. Yet there is no clear understanding about
the nature of these particles. Commonly discussed dark matter candidates includes the so called WIMPs or weakly inter-
acting massive particles with masses from about ~10GeV to 17eV . These particles can gravitate to form a new class of
objects in dark matter halos or around the galactic centre. We study in detail many properties of these objects (which are
dark matter dominated and bounded by their self gravity), their formation and possibilities of their detection. Implications
of the presence of such objects for star formation are also discussed. These objects could provide the possibility of form-
ing primordial black holes distinct from the usual Hawking black holes and they could also provide a scenario for short
duration gamma ray bursts, avoiding the baryon load problem.
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1. INTRODUCTION

Current cosmological observations [1,2] imply that bary-
onic matter constitute only 4%, 25% is made up of so called
dark matter (DM) considered to be massive particles (rang-
ing from 10GeV to 1TeV) and about 70% of dark energy [3].
While dark energy is responsible for accelerating the uni-
verse with its negative pressure (like the cosmological con-
stant), the presence of dark matter is so far been deduced
mainly by flat rotation curve of galaxies and large velocity
dispersion in galactic clusters. Other signatures of dark mat-
ter could be the release of radiation (gamma rays), when the
particles annihilate. If they cluster and form gravitationally
bound objects, these pairs of dark matter particles can anni-
hilate through out these objects. These dark matter particle-
antiparticle pairs can undergo annihilation and produce high
energy gamma rays which could be detected. These high
energy gamma rays could be a signature of this new class of
objects.

Here we discuss the various dynamics of these objects made
of pure dark matter particles [4], with the mass of dark mat-
ter particle varying form 100GeV to 17eV . As these dark
matter particles, constituting the gravitationally bound ob-
ject, have low non-thermal energies, we can consider the
degeneracy pressure to be dominant. Fermionic dark matter
stars have also been considered in references [5] and [6].

The Chandrasekhar mass for these objects (which will be
the upper limit on their mass) is given by:

hc 2
MD(CH) = (E) m_12) @
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Where, M is the mass of the dark matter particle.

For a dark matter particle of mass m, ~1TeV , this works
out to be:

M,~4x107g=10"M, (2)

The size of these objects is given by (for the usual degen-
erate gas configuration):

1 92n°
MR- ©
Gmyp?
For the 10™ solar mass object the size works out to be:
R=~10*cm 4)
And the corresponding velocity is:
)
hnA
= (5)
m

D

where the number density n ~10* /cc

Here since the dark matter particles are relativistic, the ve-

locity:

v=10°cm/s (6)
The annihilation rate is
~n’ov=10"/cc/s @)

The cross section o ~107°cm” (where we assume the
standard wimp cross section)

Over the entire volume, the annihilation rate is given by:

R
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Table 1. Variation of VVarious Parameters with DM Particle Mass
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2 . .
m (n GV)V f(lkpc) f(lpc) M R
ey M) R ) 2 2

(s ) (ergs/cm /s) (ergs/cm /s) (g/yr) (cm1yr)

1 4x107 | 10 10" 107 107 107" 10 107"
07 7x107 | 2x10*> | 6x10® | 10¥ 4x107" 4x10” 10 1077
05 10 4x10° | 10" 6x102 | 4x10™" 4x10° 10" 10
01 10 10" 10" 10" 10™* 10 10 10™

The volume of the object ~ (102)3 cc , from equation (4).

Therefore the total annihilation over the volume is

~107 /5.

The annihilation of the dark matter particles takes place
according to: [7, 8] (The enhancement due to formation of
Wimponium [9] is given in reference [3])

D+D —2y (8)

For dark matter particles of mass 1TeV, each gamma photon
has energy of 500GeV ~ lergs . Hence the total energy radi-

ated per second is
E ~ (1027 /s)(lerg) =10"ergs /s 9)

The total number of dark matter particles (of mass
m, ~100GeV ) present in the 10 solar mass object is:
My _ 10%

ml)

(10)

If there are ~10> annihilations per second, then the life
time of these DM objects is:

ty =107's (11)

As we see from the above result, the life span of these ob-
jects consisting predominantly of m, ~1TeV dark matter

particles is more than the age of the universe. Only a fraction
of the mass of these objects would have evaporated in the
Hubble time, thus such objects can still be detected by their
gamma ray flux.

The flux from these objects at about 1kpc is given by:

27
10 5= 107 ergs / cm® | s

S (thpe) = 4n(3x 102‘)

(12a)

These objects need not necessarily be confined to the ga-
lactic centre. They can be formed in the halos as well as over
the galactic volume (in principle). The flux from an object
one parsec away will be:

1027

- 12b
4:1(3><10”‘)2 (120)

~10" ergs /cm® I s

f(1pc)=

Absence of such a flux enables constraints to be placed
on the population abundance of such objects. [10]

A recent observation [11] of globular cluster M13 using
MAGIC telescope sets an upper limit on the high energy

gamma ray emission at <5.1x10™?cm™s™" . The flux from

these objects at 1kpc (from equation (12a)) is of the order of
1077 ergsem™s™" .
The 1TeV dark matter particles annihilate to produce

gamma photons of ~1 ergs. The flux of these gamma photons
from M13 at 7.7kpc is given by:

f~2x10"em™s™ (13)

This sets a constraint on the number of these dark matter
particles in the cluster M13 to less than about one in 107 .

As the dark matter particles annihilate over time, the
mass and radius undergoes attrition over time. The rate at
which the size changes with time:
dR _ dR dM
dt dM dt
From equation (3) we can write,

dR M5 oon

ar~ 3 | o 4
aM 3 Gm)?
And the rate of loss of mass is given by:

. E 107ergs/s ;
M=C—2=C—2z3x1013g/year (15)

Where, from equation (9), E =10"ergs /s, for m, ~ 1TeV
and:

Y 5
R:%M:A@ 92;; xM =~3x10"cm / year  (16)
Gm?

The same analysis can be done for different dark matter
particle mass. The results are tabulated below in Table 1.

As we can see from the table, the lifetimes of the objects
made up of DM particles with m, <0.5TeV are less than

the Hubble age of the universe and hence would have com-
pletely evaporated. It was also claimed by De-Chang Dai and
Dejan Stojkovic [12] that degenerate fermionic dark matter
stars consisting of 100GeV DM particles cannot exist.

Also from the table we can deduce the dependence of
these parameters on the mass of dark matter particle. The
rate of change of size of these objects is negligible for dark
matter objects with particle mass of 1TeV and 0.7TeV.
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The scaling of the relevant parameters with m,, is as
follows:

1
MD ~ ? (17)
D
R~ (18)
ml)
|
mD
- 1
m

2. GALACTIC HALO RADIATION (FROM THE
ABOVE DM OBJECTYS)

For these dark matter particles in the halo, assuming that
they make up the dark matter, the kinetic energy of the dark
matter particles associated with them is given by:

1 2
T =—myv 21
5 (21)
The dark matter particles form a collisionless gas held

together by their self gravity [8, 13].

Ultra-compact mini-halos not necessarily forming a black
hole have been discussed by Zhang [14]. However Berezin-
sky et al. [15] claim that superdense clumps cannot be com-
posed of neutralinos as they will overproduce the diffuse
gamma ray background.

If M (r) is the mass contain within r, then

V2=2_T=GM(r)

(22)
mp r
From the continuity equation we have:
2T 2
M(r)= =4nr’p(r)dr 23
()= G = 4P ) (23)
The density within r is then given by:
T
r)=s—oon 24
p(r) 2xGm,r’ 24)
And the corresponding number density:
T
n(r)=——— 25
( ) ZJerlz)r2 (29)
The velocity in the halo is ~3x107cm/s and for
1TeV dark matter particle,
T =107°ergs (26)

Therefore the number density: n(r) =107/ cc (27)

Where r = 30kpc = 10" cm
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And the corresponding density: p(r)=10"g/cc (28)
The annihilation per unit volume,

n(r)2 ov=3x10""/cc/s (29)

And that over the entire volume (V = 1069cc) of the halo
is given by:

R
(n(r) ov)V = [ n(r) ovamrdr =3x107 /s (30)

Re

The total energy released, as 0.5TeV gamma photons,
due to the total annihilation per second is:

E=~10"ergs/s (31)

The flux of photons received at earth is given by:

f= ~10"ergs/cm® /s =107 /cm’ /s (32)

This would translate to about 10° photons per year de-
tected for a 100 square meter detector! Bouquet et al. [16]
have considered gamma rays as a probe for cold dark matter
halos.

3. RADIATION FROM GALACTIC CLUSTERS

In the case of galaxy clusters, the velocity dispersion is
~2x10°cm /s and thus for a 17eV dark matter particle,

T =~ 4x107 ergs (33)
Therefore the number density: n(r)=107/cc (34)

Where r=1Mpc =3x10*cm is the typical galactic cluster
size.

And the corresponding density: p(r)=10"g/cc  (35)
The annihilation per unit volume,
n*ov=2x10""/cc/s (36)

And that over the entire volume (V =10™ cc) of the clus-
ter is:

(nPov)V =2x10" /s (37)

The total energy released, as 0.5TeV gamma photons, due to
the total annihilation per second is:

E=~10"ergs/s (38)

1036

The flux of photons at earth =
(10%)

~107" /em® /s (39)

2

(Ata distance D = 60Mpc ~10*cm)

For a 100m® detector this works out to be about
107 / year .
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4. LIMITING LUMINOSITY FROM THESE DM
DOMINATED OBJECTS

The maximal luminosity associated with the DM object
of mass M is given by:

~1,, - O =(G’I‘§ ) / (%) (40)

Where o, is the Thomson cross section, R/c is the light
travel time.

‘max

L. _GM’
47xR*c 8aR*

For 1TeV dark matter particle, from equation (2),
M, ~4x10” g . The corresponding maximal luminosity is:

L, ~10"ergs/s (41)

This is the maximal luminosity for the DM objects. Be-
yond this luminosity, they cannot accrete matter (baryonic)
onto itself. Since the luminosities of these objects are below
this maximal limit (see table) they can accrete baryonic mat-
ter and this could lead to possible star formation, which is
discussed in section 9. If the luminosity were greater than the
maximal value, the disintegration time will be of the order of
the light travel time.

5. CLUSTERING OF THESE OBJECTS AT GALAC-
TIC CENTRE

The galactic centre contains a dense region with mass of
~3x10° solar mass. If this region is composed of these dark
matter objects with the dark matter particle mass of 1TeV,
then there should be ~10" such objects.

This would then imply a total energy radiated per second:
E~(107)(107)=10"ergs / s (42)

(From equation (9), the energy given out per unit time for
each of such objects is ~10* ergs /s .)

The energy radiated per second from such an object
(IO”ergs/s) hasn’t been detected from the centre of the
galaxy, hence such a scenario can be ruled out.

6. ROTATION OF DARK MATTER OBJECTS AND
POSSIBLE GRAVITATIONAL RADIATION FORM
THEM

These dark matter objects can rotate about their axis and
the maximum angular velocity without the breakup of the
DM obiject is given by:

—lw =0 =~—2 (43)

1., GM,z) » GM,
B =72 R

Where M, =4x10"g and R=10°cm for dark matter par-
ticles of mass m,, = 1TeV .

The maximum angular speed for such objects is:

w=~10"/s (43a)
The corresponding period is given by:
P=2T 105~ lus (43b)

()
This gives a new class of objects with high frequency,
which lose energy through emission of gravitational waves
for objects with high ellipticity (e).
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The energy of the gravitational wave radiation is given
by:

2
E; = GIIZI ~10%ergs (44)

The corresponding strain produce on a detector 1kpc is
given by:
n=SEe _10 (45)
cr
which is beyond the scope of current detectors. However,
the strain from such an object at 1pc is & ~ 107, which is in
the range of gravitational wave detectors such as LIGO.

7. CAN AGN CORES BE MADE UP OF THESE DM
OBJECTS?

For AGNs (10" solar mass) to be made up of such ob-
jects, there has to be 10™® such objects. The total energy radi-
ated per second would be:

E~(107)(10")=10%ergs / s (46)
The flux due to this on earth (at 10*" cm) will be:
1045 -10 2
f=——"F—5=10"ergs/cm" /s (47)
47(107)

8. POSSIBLE SCENARIO FOR FORMATION OF
BLACK HOLES BY THE MERGER OF THESE OB-
JECTS

The time taken for these objects to merge is given by:

3
v

broee = ——————
" NG*M* In A

Where, N is the number density of the objects,
InA ~ 10 and the velocity v~10%cm /s

For these objects to merge in Hubble time, the number
density of these objects at the galactic centre should be:

(48)

3
v 21
N=—— =107 /(pc
t  G'M*InA (pe)

merge

3

(49)

Since such large densities are untenable, such scenario
for black hole formation at galactic centres is ruled out.

9. POSSIBLE SCENARIO FOR STAR FORMATION
WITH SUCH OBJECTS

The above discussion applies to the final state of these
dark matter objects. Now we look at these objects while they
are contracting from the primordial mixture of dark matter
and baryonic matter. Early galaxies have been detected at a
redshift of about 10. This [17, 18] indicates that the collapse
would have happened earlier, say ata z =20 .

The density at that redshift is given by:

p=025p, (1+2)’ (50)

Where, 0.25 is the fraction of dark matter of the total en-
ergy density and p, = 10keV / cc is the present energy den-
sity.
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For dark matter particles of mass m,, =1TeV , the num-
ber density of dark matter particles at z =20 is given by:

10keV
1TeV

n= 0.25( )(1 +2) =107 /cc (51)

And if the density of the initial cloud which collapsed is
about 10 times the ambient density then n=10"*/cc. The
mass density of the dark matter particles of mass m,, = 1TeV
is:

p=(107"g)(10™ /cc) =107 g / cc (52)
The time taken for the initial cloud (of dark matter and

baryonic matter) to collapse is given by:
1

tm[lupse ~ E

As the cloud collapses, the dark matter particles decouple
with radiation where as the baryonic matter will be heated
up. The temperature of the baryonic matter is given by:

=10"s (53)

_GMym, -
k,R

Where, the mass and the size of the object for 1TeV dark
matter particles is given by equations (2) and (4) as
M, ~4x10"¢ and R=~10"cm. And M is the proton
mass.

The temperature then works out to be:
T =10°K (55)
At this temperature, thermonuclear reactions will start.

The effect of DM particles on the very early stellar evo-
lution was first considered by Spolyar et al. [19]. This sce-
nario of baryonic matter collapsing along with the dark mat-
ter particles could thus lead to the formation of stars.

There will be gamma ray emissions as the thermonuclear
reaction proceeds in the star. But these will be MeV gamma
rays as opposed to the 1TeV gamma rays coming from the
dark matter objects.

The energy density due to radiation will be comparable to
the collapsing gas’s energy density. That is:

aT* =nk,T (56)

For T =10°K , the number density will be:

n=~10"/cc (57)
This is the number density at the stellar cores.

As for the possible masses of these objects, we can esti-
mate as follows:

The energy released during the collapse is given by:

2
= % ~ 10" ergs (58)

grav

This released gravitational potential energy will heat up
the gas accreting on to the objects (DM would be thermally
decoupled)
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MR,T =10"" ergs (59)
Where R_ is the universal gas constant and from equa-

tion (56), temperature T ~10°K .

The mass of these objects is therefore, M =10% g, which
is sub-stellar mass.

The volume of the object, V = ~10%cc

nm,

The annihilation rate, n’cV ~10""ergs/s, which is
about 10 —107° solar luminosity.

The expected temperature of these objects will be about
10* K , so they will be blue stars.

The life time of such objects will be:

30
PR SRUTIER (60)
10°g/s

The maximum angular velo7ity of these DM object is
given by equation (43) as @ ~+/GM /R’ , where the mass
of the object, M ~10"g and R ~10"cm . This gives an
angular speed of @ =~ 3/s and the corresponding period,
P =2s. Similar to estimates in section (6) these DM stars

would be spinning at minimal period of around a few sec-
onds.

This could give rise to a new class of stellar objects, but
is based on assumptions that only one dark matter object is
involved and no mergers. Could be very rare and difficult to
detect unless within a few parsecs.

10. ACCRETION OF DARK MATTER PARTICLES
INTO BLACK HOLE

The dark matter particles of mass M, can be accreted
into a black hole of mass M,, ~3x10°M_, as in the centre
of our galaxy. The rate of accretion by the black hole is
given by:

M =47 (fR,)" nm,, (GfAI/ITM) (61)

S

Where, n=107-10"/cc is the ambient number den-
sity, Ry =10" cm is the Schwarzschild radius for the million
solar mass black hole and f ~100 is the extent of the ambi-
ent gas from the black hole.

For a 1TeV dark matter particle, the accretion rate is:
M=~10°g/s (62)

If all the accreted particles undergo annihilation, then the
energy released is given by:

E=Mc* ~10"ergs /s (63)

The corresponding flux of photons, each of energy
500GeV (~lergs) at 10kpc (galactic centre), is given by:

P A 107
47R? 47(3x10%)

- =10"ergs/cm® / s (64)
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For a 100m” detector, this corresponds to about a photon
per year.

And at 1Mpc, the flux

1027
feryS= 10’23ergs /em® s (65)

4n(3x1024)

And for a 100m?
~3x107° ergslyear.

11. COLLAPSE OF THESE DM OBJECTS TO FORM
MICRO BHS: POSSIBLE ALTERNATE SCENARIO
FOR SHORT DURATION GRBS

The Chandrasekhar mass (upper limit) for these DM ob-
jects is given by equation (1) as:

detector, this corresponds to

2
G my,

3
hc 2
MD(CH) = (_)

If their mass exceeds this limit, they will collapse to form
black holes of size given by:

R, = 2G2M = lcm (66)
C
(For DM particles of mass m,, =1TeV')
The energy released during the collapse is given by:
2
E= M ~10* ergs (67)

This energy is released in the form of gravitational
waves.

If equal amount of baryonic matter collapses along with
the dark matter to form the black hole, then the baryonic
matter will be heated up according to:

MRT =10* =T =10"K (68)

This corresponds to gamma ray frequency. Since the
mass heated up is ~ 107 solar mass, in this scenario, the
‘Baryon Load’ problem seems ameliorated. The time scale of
the gamma ray burst is given by:

3
_ ch ~0.01s (69)

burst

This could be an alternative scenario for short duration
(0.1-0.01s) sub-luminous gamma ray bursts. This is an-
other way in which primordial black holes (< stellar mass)
can form, apart from Hawking black holes.

12. BINARY SYSTEM OF THESE DM OBJECTS

These dark matter objects can form binary systems, with
each of mass 4 x10” g and size of 10%cm . If their separa-
tion is about 100 times their size, then the period is given by:

GMP? = 47*R?

P =1ms

(70)

Sivaram and Arun

If these binary systems are present at a distance of
20Mpc, the corresponding strain at earth due to gravitational
radiation emission from them is:

_2GE

4
rc

h

(71)

Where E ~10™ergs is the energy released. The strain then
becomes: h~3x107" ... (72)

The flux of the gravitational waves is given by:

GW

3 2
__¢ (ﬁ) ~ 4x10°W / m? (73)
327G \di

The strain due to gravitational radiation emission from
these binaries at different distances from earth and the corre-
sponding flux is given as follows:

h=6x10"; F,, ~10 W /m® at 10kpc
h=6x10""; F,, ~10° W /m" at 1kpc
h=6x10"; F,, ~10° W /m’ at 1pc

13. INTEGRATED GAMMA RAY FLUX

The dark matter particles decoupled from radiation at
early redshift and collapsed to form these dark matter ob-
jects, hence contributing to the background gamma ray flux.
The total fluence from present (z = O) to z is given by:

P Nt cn, | dz

; - 74
Ho 0(1+Z)2(1+QZ)A ( )

Where, N is the gamma rays emitted by each object per
second

t, is the average life time of these objects
H, ="70km /s / Mpc is the Hubble constantat z=0
N, is the number density of these objects

If half of the dark matter in the universe collapses to form
these objects, then

1 026M,,, 75)

"2 M, (27°R)))

n,

For a flat universe (Q=1), the total energy density of
the universe:

M i -29
—toal__ ~ 10 /cc 76
r'R)) g (76)

The average life time of these objects form equation (60)
is, 1, =~10"s

For a 0.7TeV dark matter particle the mass of the object
M, ~10*g (from the table). Hence the background number
density of these objects is constraint to be:

n, < 10’3pc’3 (77)
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And the gamma rays emitted by each object per second

(from the table): N =10 /s
The corresponding fluence is given by:

(t{, (S)](C(cm/s)][no (cm*)](m(km:/Mpc))@ (78)

N(s")
10*

F, =10"%em™
! 10 )| 3x10" 107 )

The flux is therefore given by:

fi= ﬂ ~10cm™>s™ (79)

tH
Where ¢, =10 years is the Hubble time.

This would put a limit on the background density of these
objects. Future observations could constrain the masses of
the dark matter particles predicted by various particle phys-
ics models [20].

14. CONCLUDING REMARKS

In this paper we look at a new class of objects formed by
the collapse of dark matter particles and elucidated their
various physical properties and observable aspects associated
with them. We have analysed the effects of the mass of indi-
vidual dark matter particles on the mass, annihilation rate,
mass loss, etc of these dark matter objects. In a certain range
of parameters their life times are comparable to the Hubble
age and they could be observable as gamma ray point
sources (like Hawking black holes, but with distinctly differ-
ent signatures). We have also explored the possibilities of
star formation and black hole formation from accretion onto
and mergers of these dark matter objects. These objects
could provide the possibility of forming primordial black
holes (sub-stellar) distinct from the usual Hawking black
holes. As shown in section 11, they could also provide a sce-
nario for short duration gamma ray bursts, avoiding the bar-
yon load problem. The possible integrated back ground flux
from these objects to the cosmological gamma ray flux is
also evaluated.
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