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INVESTIGATION OF DIFFERENT DARK MATTER PROFILES

Abstract. Different, commonly accepted and widely used phenomenological dark matter profiles such as the
pseudo-isothermal sphere, Burkert, Navarro-Frenk-White, Moore and Einasto profiles are employed to estimate the
mass distribution of dark matter in various galaxies. The Newtonian gravity is involved to perform computations at
large galactic scales. The distribution of dark matter in diverse types of galaxies is assumed to be spherical without
taking into account the complex structure of galaxies such as their cores, inner and outer bulges, disks and halos. The
theoretical rotation curves are overlapped with the observations for each individual galaxy. By means of the least
square algorithm the model parameters are inferred from the observational data and are subjected to the Bayesian
information criterion, which identifies the more preferred model. The masses of dark matter are calculated for each
galaxy, with all listed profiles, and compared with the visible masses of the galaxies. The results are in agreement
with the ones in the literature.
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Introduction

Astronomers face the fundamental problem of a mass deficiency, which is known as the dark matter
(DM) problem at galactic scales. One observes the presence of DM from dynamical astronomical
measurements, but up to now no one was able to detect any DM particle yet in the ground based
laboratories. The only knowledge we possess is the fact that DM interacts with an ordinary matter via
gravity and dominates preferentially on large scales. It is therefore of particular importance to understand
its properties to set guidelines in preparing more focused physics experiments to detect it. The
determination of the mass distribution in galaxies is one of the most basic subjects in galactic astronomy,
and is usually obtained by analyzing rotation curves.

The idea of DM does not alter the law of gravity like Modified Newtonian Dynamics [1], but
proposes that there exists a new type of matter that has yet to be identified. This idea is also supported by
gravitational lensing experiments [2]. DM does not participate in electromagnetic and strong interactions;
otherwise it would have already been detected. It is believed that DM can interact weakly if it is composed
of weakly interacting particles [3], though there is no evidence to support this idea. So far, observations
indicate that DM acts through gravitational interactions and seems to behave frictionless. Due to this
frictionless behavior, DM is predicted by N-body simulations to be distributed in spherically symmetric
halos [4].

To investigate the distribution of DM within any galaxy a number of different phenomenological
density profiles have been proposed in the literature [5]:

e Cored profiles with central density p, and scale radius 7, with x = r/ 7, being the dimensionless
radial distance (coordinate) from the center of a galaxy to the considered point:
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— pseudo-isothermal (ISO) sphere profile:

Lo
1+ x?

plso(r) = H (1)

— Burkert profile:

_ Lo
Ppu (1) = m : (2)

o Cusped profiles with characteristic radius 7, where the density profile has a logarithmic slope of

—2 (the “isothermal” value) and p, as the local density at that radius.
— Navarro—Frenk—White profile:

- P 3
pNFW(r) x(1+x)2 ( )
— Moore profile:
Pos (1) = ppx” (L4 ) o)

e — Finasto profile with an extra parameter n» which determines the degree of curvature (shape) of
the profile. The family of Einasto profiles with relatively large indices n>4 are identified with cuspy halos,
while low index values n<4 presents a cored-like behavior. The lower the index #n, the more cored-like the

halo profile:
N
PEin (l”) =P exp{Zn(l —x" J} ] (5)
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Figure 1 - Different phenomenological dark matter density profiles

In the case of Milky Way Galaxy these profiles have two constraints. They are anchored at a distance
of 8.33 kilo parsec (kpc), which is the distance from the center of Milky Way Galaxy to the Sun. The
second constraint is the total predicted mass of the distribution inside a radius of 60 kpc. This mass has

been predicted to be M =4.7-10" M. The comparison among the profiles is shown in Figure 1. The
— 26 ——
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profiles follow a similar shape when the distance from the galactic center is larger than that of the Sun and
differ more towards the center of the galaxy. The Burkert and isothermal profiles become constant and
approach their characteristic density, while the NFW and Moore profiles diverge near the center.

Methods

The problem of the DM distribution in galaxies, as usually addressed in the literature, is mainly
focused in the halo regions and associated with the galaxy rotation curves obtained from the observations
[6]. A galactic rotation curve describes how the rotation velocity of objects in the galaxy changes as a
function of the object’s distance to the center. As an example we consider a central mass with a test
particle moving on a circular path in the field of the former. The rotational velocity can be determined in
this example from Newton’s gravitational equations and the centrifugal force:

M) Y2
F=o (rrz)m:m ‘;(r) = V(V):\/_Gﬁfr ©)

where M (7) is the central mass profile, m is the test mass and r is the distance between the central

mass and the test mass. The rotational velocity is represented by (7).

The mass of the galaxy is not distributed in a central point, so one has to consider the actual
distribution. The calculation for the galactic distribution requires the integration of Newton’s gravitational
equations with the entire distribution taken into account. We adopt a circular motion of a test mass around
the center of the galaxy. The expected rotation curve would then increase quickly since the considered
mass increases rapidly, due to the high density near the center. Based on the visible mass, the rotation

curve is expected to eventually drop off near the edge of the galaxy like %/— as in formula (6). This is
r

however not what is measured in astronomy. The rotation curves do not drop off according to Newton’s
laws but stay flat near the edge of the galaxies [7]

In equation (6) we calculate the mass profile M (r) with the help of the following formula:
M(r)z Ip(r’)-4ﬂr’2dr’ (7,
0

where p(r) is the DM density profile taken from Egs. (1) through (5).
For convenience, we choose such units where the mass is given in the units of one solar mass and the

radial distance is in parsecs:
5 |G-M(r)-M
() =107 \/ (r)- M., @®)
r-pc
where M, = M is the mass of the Sun in grams, pc is parsec in cm, and the numerical factor in front of

the square root converts the units of v(7) into km/s.

In order to carry out the fitting procedure we exploit the Levenberg-Marquardt nonlinear least squares
method [8, 9].

Results

We compare the fits of rotation curves obtained by means of the models considered in the previous
section. Since one has to compare the models with different number of parameters, which are not nested
into each other, we use the Bayesian Information Criterion (BIC) formulated and developed by Schwarz
[10]. It provides a penalty to models with larger number of parameters to check which of them is more
likely to be realistic. A model with a minimum BIC value is favored [5]. The results of the fitting
procedure are presented in Tables 1 - 6 and in Figs. 2 - 7.
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Table 1 - Model parameters for irregular dwarf galaxy DDO 154

The mass of the baryonic (luminous) matter in the galaxy is 3.58-10° Mg [11]
Profiles + dp,, 107 28 7y £ 67, kpe M+8M , Mg n BIC
Burkert 32.74 +1.47 2.44£0.07 ( 50+0). 61) 108 - 149
NFW 1.61£0.35 1446241 | (1.18%0.49)-10" : 207
ISO 34.74 £1.89 1.31+£0.05 (2,()7i().22).108 - 141
Moore 0.31+0.18 38.96 £18.21 (5.2316.14)10‘0 - 235
Einasto 2.73+£0.27 4.53+0.25 (2.14+0.33)-10° | 1.72£0.13 | 119

As one can see from table 1, for DDO 154 galaxy the BIC value is minimum for the Einasto profile
and is maximum for the Moore profile. The mass obtained by means of the Einasto profile is one order of
magnitude larger than the visible mass.

Table 2 - Model parameters for spiral galaxy NGC 1560

The mass of the baryonic matter in the galaxy is 8.2 -10° Mg [12]
Profiles £y £p,. 107 % 7, t or, ., kpe M+ M, Mg n BIC
Burkert 47.81+2.71 3.1240.12 | (232£0.24)-10° . 142
NEW 2.61+0.47 17324238 | (3.31%1.14)-10" . 136
IS0 47.11+2.93 1.76 £0.08 | (6.98+0.85)-10° - 130
Moore 0.54+0.22 43.81+13.96 | (1.32+1.06)-10" - 140
Einasto 1.75+1.28 9.36+4.09 | (1.32£1.57)-10" | 2.86+1.00 135

For NGC 1560 galaxy the BIC value is minimum for the isothermal profile and is maximum for the
Burkert profile, though the difference between the values is not large. It is worth noting that the modest
improvement in the BIC of the isothermal sphere model with respect to the Einasto and NFW is not that
strong to assess that the isothermal profile has to be preferred.

Table 3 - Model parameters for intermediate spiral galaxy NGC 2403

The mass of the baryonic matter in the galaxy is 2.58-10° Mg [11]
Profiles P, £p,. 107 E ¥y E Or,y, kpe M+M , Mg n BIC
Burkert 207.94£10.16 2.7740.07 | (7.06+0.51)-10° - 1252
NFW 32.64+1.11 6.91+0.13 | (2.62+0.14)-10" - 764
1SO 521.34+22.83 0.84+0.02 (8.27+0.6)-10° - 842
Moore 15.66 +0.57 9.4140.18 | (3.79+0.21)-10" - 732
Einasto 4.35+0.43 9.43+0.48 | (3.76£0.56)-10" | 5.98+0.27 | 692

For NGC 2403 galaxy the BIC value is minimum for the Einasto profile and is maximum for the
Burkert profile. The mass obtained by the Einasto profile is one order of magnitude larger than the visible
mass.

— 28 ——
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Table 4 - Model parameters for unbarred spiral galaxy NGC 2976

The mass of the baryonic matter in the galaxy is 1.36- 10° Mg [11]
Profiles Po t §p0, 1073 % r, £ 5]"0 , kpc M+M , Mo n BIC
Burkert 273.17 £12.6 1.740.08 (2.14 £ 0.24)-10° - 126
NFW 0.77 £3.73 138.45+ 664.57 | (0.49+5.61)-10" - 174
1SO 238.66+11.52 1.07 +£0.05 (7.91+1.04)-10° : 129
Moore 0.05+2.1 758.54£3040.75| (0,06 +2.72)-10" : 202
Einasto 35.5+12.3 2.52+0.61 (4.39+£2.72)-10° | 1.1£0.3 | 128

For NGC 2976 galaxy the BIC value is minimum for the Burkert profile and is maximum for the
Moore profile. As before the small difference in the BIC with respect to the Einasto, isothermal and
Burkert profiles does not allow to assess which model is better (they are comparable with each other). For
this galaxy the mass inferred by the Burkert profile is ten times larger than the visible mass.

Table 5 - Model parameters for spiral galaxy NGC 3627

The mass of the baryonic matter in the galaxy is 8.18- 10 Mg [11]
Profiles Lo TPy 107 % 7, £ Or,, kpe M=EM, Mg n BIC
Burkert 2660 + 477 1.16£0.09 | (6.61+0.24)-10° : 53
NFW 1670 + 498 1.47+0.21 | (1.28+0.53)-10"° . 60
IS0 43938 +148672 0.13£0.22 | (2.57£7.79)-10" . 86
Moore 1087 +343 1.71£0.24 | (1.57+£0.69)-10" : 61
Einasto 147.4+9.9 271+0.11 | (2.21£0.25)-10° | 1.04+0.13 | 30

For NGC 3627 galaxy the BIC value is minimum for the Einasto profile and is maximum for the
isothermal profile. Here the mass inferred by the Einasto profile is one order of magnitude larger than the
visible mass.

Table 6 - Model parameters for spiral galaxy NGC 5585

The mass of the baryonic matter in the galaxy is 1.6 109 Mg [13]
Profiles o == 5p0, 1073 % r, £ 5]’0 , kpc M+M, Mo n BIC
Burkert 89.6+2.3 2.83+0.05 | (3.24+0.14)-10° - 38
NFW 6.02 +1.4 12.56+2.02 | (2.89+1.2)-10" - 76
IS0 90.5+ 4.5 1.52+0.05 | (8.57+0.82)-10° - 51
Moore 1.79 +£0.77 23.69+7.27 | (6.93+4.85)-10" - 81
Einasto 10.26 + 0.61 4.48+0.12 (7.3£0.6)-10° | 1.27+0.08 | 33

For NGC 5585 galaxy the BIC value is minimum for the Einasto profile and is maximum for the
Moore profile. Here as before the BIC is similar between the Einasto and Burkert models. The mass
inferred by the Einasto profile has the same order as the visible mass.
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Figure 2 - Rotation curves of galaxies and fitted models.
Left panel: galaxy DDO 154. Right panel: galaxy NGC 1560
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Figure 3 - Rotation curves of galaxies and fitted models.
Left panel: galaxy NGC2403. Right panel: galaxy NGC 2976
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Figure 4 - Rotation curves of galaxies and fitted models.
Left panel: galaxy NGC 3627. Right panel: galaxy NGC 5585.

In figures 2-4 the black thick points show observational data with their error bars for one dwarf and
five spiral galaxies, the green curves show the Burkert profile, the purple curves show the NFW profile,
the red curves show the isothermal profile, the orange curves show the Moore profile and the blue curves
show the Einasto profile (color online). The theoretical curves were obtained by the fitting procedure.
Using the method of least squares we calculated the numerical values of the scale radius and characteristic
density. In the case of the Einasto profile, the value of the Einasto index was also obtained. In the end we

calculated the mass of DM in the galaxies.
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Discussion and Conclusion

We have analyzed one dwarf galaxy and five spiral galaxies in this work. The complex structure of
galaxies was abandoned and the DM distribution was adopted to be spherical for a given galaxy. The
rotation curves constructed in this work have been compared with the analogous results in the literature for
galaxies NGC 2403, NGC 3627, NGC 2976, DDO 154 in Ref. [11], and for galaxies NGC 1560 and NGC
5585 in Refs. [12] and [13], respectively.

The model parameters were inferred from the observational data points by using
“NonLinearModelFit” command in the scientific software “Wolfram Mathematica 11”. The command
allows one to automatically conduct the fitting procedure for a given model and data points. As a result,
the total mass of DM was estimated in the considered galaxies and confronted with their luminous masses.
The DM mass, in many cases, is larger than the visible mass, as expected.

The Einasto model showed the best results in four cases (DDO154, NGC 2403, NGC 3627, NGC
5585), Burkert and Isothermical profiles showed good results for NGC 2976 and NGC 1560 galaxies,
respectively, as the BIC value was the lowest compared to other models. Unlike other models, the Einasto
model depends upon three parameters and one gets a better fit. Therefore, there is a higher compliance
with the observations. The NFW profile showed small deviations from the observed galaxies NGC 5585,
NGC 1560, NGC 2976. In other profiles we have no noticeable differences.

Overall, all models considered in this work showed good results, though in some cases not all the data
points were covered with the theoretical curves. These discrepancies can be caused by the fact that we
simply ignored the complex structure, the baryonic constituents in galaxies. If we took into account the
inner structure of galaxies as in Ref. [14] and constituents of the matter as in Ref [15], probably the fits
would be much better than the ones presented in this work.

Nevertheless there are still a plenty of open issues related to DM. Although one can observe indirectly
the presence of DM in any galaxy or clusters, we still do not know why the DM distribution is so different
from one galaxy to another. For example, the recent discovery of DM distribution in the Markarian galaxy
shows that DM is mainly concentrated in the core of the galaxy [16]. Another example shows a galaxy
with barely no DM [17].

The nature of DM particles still remains mystery, though there are some theoretical models predicting
the whole set of DM particles, see Refs. [3, 18] for details. The role of DM in the evolution of the universe
is yet to be understood.

It will be interesting to investigate other galaxies [19], taking into account their intricate structure, and
involving latest theoretical models. This issue will be addressed in future studies.
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APPENDIX
The rotation curve data points for galaxies NGC 2403, NGC 3627, NGC 2976, DDO 154 are given in

Ref. [11], and for galaxies NGC 1560, NGC 5585 are taken from [12] and [13], respectively.
In the observational data, the distance from the center to the point R is represented in angular

seconds. 1 angular second is equal to part of a degree. To convert an angular second into a

kiloparsec, one should use the following general formula:

R=a-1g(p) ©)
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where P is the specified distance in angular seconds, @ is the distance between our galaxy (Earth)
and the galaxy under consideration. We express ¢?  in radians. Finally for R we obtain:
T

R=a-te] 1.
& 3600 180" 7

(10)

Table 7 - The distance between Milky Way Galaxy (Earth) and the galaxy under consideration

Galaxies a , [kpc] References
DDO 154 4300 [11]
NGC 1560 3000 [12]
NGC 5585 6200 [13]
NGC 2403 3180 [20]
NGC 3627 10100 [21]
NGC 2976 3450 [22]

O0X 524.7, 524-1:629.78
XFTAP 41.27.29, 89.51.17
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'ATYH3, 28n-<Dapa61/1 ateiaaarel Kasak ¥ntTeik YHuBepcureTi, Anmatsl, Kazaxcran
®usuka kabenpacs, HasapGaes Yuusepeureri, Hyp-Cyiran, Kasakcran
Y SIDU, ®packaru ¥urThIK Jlabopatopusicel, @packaru, Utanus

KAPAHI'BI MATEPUSIHBIH OP TYPJII IPO®UJIBIEPIH 3EPTTEY

AHHOTAUMs. Op TYPJi TalaKTHKaJIapAaFel KapaHFbl MaTEPUSHBIH Maccachl TapalyblH Oaranay YIIiH oneduerte
Oenrini, keHiHeH naiinananpuiaTbia M3orepmai, Bypkept, HaBappo-®penk-Yaiit, Myp xoHe DitHacTo npoduibaepi
KonjaHbu1anbl. HBIOTOHHBIH TIpaBUTAIMA TEOPHACHl AyKbIMIbl TI'aJAKTUKAIBIK MAacCIITaOTaplIarbl ecenTeynepi
OpBIHZAY YLIH KYMBULABIPBUIABI. AJlyaH TYpPJi TalakTHKajdap/a KapaHfbl MaTepUsIHbIH Tapaiybl (yiecTipiniyi)
cepastblK €N YiFapbUIIbl )KOHE TalaKTHKaIapAblH KYPJeli KYpPbUIBIMBI, SFHU OJIAPbIH SAPOCHI, 11IKi )KOHE CBIPTKBI
OakIapsl, TUCKiIepl MEH ranojiapsl eckepiimeni. Teopusuiblk aifHay KHCHIKTaphl rajakTUKalap YLIH Oakbuiay
MOJIMETTepiMeH colikecTenaipiiai. EH kimi kBaaparrap ojici KeMEriMEH Y/TUIepAiH Hapamerpiiepi Oakpuiay
JIEpEKTEpiHEH eCeTITeNIN aIbIH bl )KOHE HEFYPIIBIM ColKeC KeJeTiH YITiHi aHbIKTay yuIiH baiiectik MH(bopManusibK
Kpurepuit kongansuiasl. Kapanrbl MaTepHsHBIH Maccachl OapiiblK KepCeTLIreH Nmpoduibiep apKbUIbl ap Jepdec
TaJlakTUKa YIIiH eCeNTeNiHIi >KOHEe TaJaKTHKalapIblH KOpiHEeTiH MaccachiMEH CalBICTHIphUIaNbl. HoTmkenep
oneOueTTeri MAIIMETTEPIMEH COlKec Keei.

Tyiiin ce3aep: ramakTUKaiap, aifHaTy KUCHIKTaphl, KAPAHFBl MaTEPHI.

VK 524.7, 524-1:629.78
MPHTU 41.27.29, 89.51.17

K. bomkaes" >?, . Kymaxanoa®, K. Myraaunosa’, M. Myuuuno*

lHHJ'[OT, Kasaxckuit HarmoHabHbIi Yuusepcutet uM. anb-®apabu, Anmarer, Kazaxcran
*Kadenpa pusuxu, Hazapbaes Yuupepcurer, Hyp-Cyntan, Kazaxcran
*HUS®, Harmonanshas JlaGoparopus ®dpackarn, ®packaru, Wramus

HCCJIEJJOBAHUE PA3JIMYHBIX ITIPO®UJIEN TEMHOM MATEPUH

AnHoTanus. Pazniunele, oOLENpUHATHIE U IIHUPOKO UCIIOJIb3yeMble (PEHOMEHOJIOTHYECKUE MPOPHIN TEMHON
MaTepuu, Takue Kak IceBlou3oTepMuyeckas cdepa, npodpunu bypkepra, Hasappo-®penka-Yaiita, Mypa u
OHHACcTO, MCHONB3YHOTCA Ul OLEHKU pacHpefeNeHHs Macchl TEMHOW MaTepuM B pPa3lIMYHbIX TallaKTHKaXx.
HproToHOBCKasl TpaBUTalUs MCHOJIB3YETCS JUISL BHIOJHEHMS BHIYMCICHUH B OOJBLIMX TaJJaKTHYECKUX Maciuradax.
Pacnipenenenne TeMHOI MaTepyy B pa3IMUHBIX TUMAX TAIAKTHK IPEAIIONAraeTcsi chepruyeckuM 0e3 yueTa CIIoKHON
CTPYKTYpPBI TAJAKTHK, TAKUX KaK WX spa, BHYTPEHHUE W BHEIIHUE OAJIIKH, TUCKH M rano. TeopeTHdeckue KpruBbIe
BPAIIEHUs] CONOCTABICHBl C HAOMIONCHUSAMHU JUIA KaXZoH ramakTuku. IlocpencTBom anropuTMa HauMEHBIIHX
KBaZ[paToOB MapaMeTphl MOJIENM BBIBOJIATCA W3 JAHHBIX HaOmoneHud u moaseprarorcsi baiiecoBckomy
UH()OPMALMOHHOMY KPUTEPHUIO, KOTOPBIH OIpeaesseT 6osee NIpeANOYTUTENbHYI0 MOeNb. Macchl TEMHOH MaTepun

— 3 ——
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PacCUNTHIBAIOTCS JUTS KAXKIOW TaaKTHKH CO BCEMH NEPEYNCIICHHBIMHU NMPOQUISIMH U CPaBHHUBAIOTCS C BHIUMbBIMU
MaccaMH TalakTHK. Pe3yIpTaThl cornacyroTcesi ¢ JaHHBIMU B JIUTEPATypE.
Ki1roueBble ¢J10Ba: TaIaKTHKY, KPUBBIE BPALIECHHS, TEMHAsI MaTEpPHsL.
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