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DARK MATTER PROPERTIES IN GALAXY US750

Abstract. We investigate the properties of dark matter (DM) distribution in spiral galaxy U5750, employing the
well known and widely used phenomenological density profiles such as pseudo-isothermal, Burkert, Navarro-Frenk-
White, Einasto, Moore and exponential sphere. For simplicity we assume that DM distribution is spherically
symmetric without accounting for the complex internal structure of the galaxy. We fit the rotation curve
observational data of galaxy U5750 for each profile. We infer the model free parameters and estimate the total DM
mass, and compare them with those reported in the literature. To discriminate the best fit profile among the
considered ones, we make use of the Bayesian Information Criterion (BIC). On the basis of the performed statistical
analysis, we provide physical interpretations for choosing certain profiles. In addition, by assuming that DM
possesses non-zero pressure, we solve the Newtonian hydrostatic equilibrium equation and construct the pressure
profiles as a functionof the radial coordinate for each above mentioned profile. Combining the density profiles with
the pressure profiles we obtain equations of state for the DM in the considered galaxy. Further, we calculate the
speed of soundin the DM medium and show that it behaves not unequivocally for the adopted profiles, though it
decreaseswith an increasing DM density. Finally, we calculate the refracting index and discuss about astrophysical
implications of the obtained results.

Keywords: dark matter, rotation curves, equation of state, the speed of sound, the refractive index.

I. Introduction

At the beginning of the last century astronomers discovered that some stars and galaxies behave
differently thant heory predicted. The rotation of more distant parts of galaxies did not obey the laws of
celestial mechanics. This marked the beginning of a new era to search for DM. The modern epoch of the
dark (latent) mass concept began at the end of the last century in connection with the need to explain the
kinematics of gas in massive galaxies, i.¢. extended rotation curves (RCs) of the gaseous component that
did not decrease with increasing distance even outside the stellar disk of galaxies [1,2]. The need to
introduce additional mass also arose when simulating themass distribution in elliptical and dwarf
spheroidal galaxies, where disks were missing.

The problem of DM is one of the fundamental and yet unsolved problems in modern astrophysics and
cosmology. Unlike ordinary visible/baryonic matter, DM does not participate in electromagnetic
interactions, but manifests itself only through gravity (and possibly via weak interaction as well) and
therefore is inaccessible to direct observations. It is believed that at present accounts for about 26.8 % of
the total mass of all forms of matter in the Universe [3]. The true nature of DM still needs to be
understood. It is assumed that DM consists of some experimentally undiscovered particles [4, 5]. They
cannot be baryons, since in that case the cosmic microwave background and the large-scale structure of
the Universe would be radically different. Nevertheless, up to date, a huge amount of information has been
obtained, which allows one to judge about the distribution of DM and its role in the Universe. The number
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of scientific works related to the problem of DM is steadily growing from year to year, which reflects a
noticeable interest in this intriguing and at the same time fascinating topic [6-8].

In this paper we investigate the observational properties of DM in the spiral galaxy U5750, exploiting
various phenomenological density profiles. By analysing the RC data points we infer all the model
parameters. We suppose that the DM equation of state (EoS) in a particular galaxy, by default, must not
depend upon the density profiles. Hence we intend to check whether this assumption is valid or not.
Therefore we involve the Newtonian gravity for simplicity and solve the hydrostatic equilibrium equation
to get the pressure profiles. By expressing the pressure in terms of the density for each individual model
one derives the EoS of DM in the spiral galaxy U5750. Thus, the main objective of this work is to test
whether the DM EoS depends on the adopted density profile or not. In addition we calculate the speed of
sound and refractive index in the DM medium [9] as these features of DM can be crucial in structure
formations and gravitational lensing effects.

The paper is organized as follows. In section II, we review the main density profiles which are used to
study DM distribution in galaxies. In section III we describe methods involved in the paper to perform
best fit analyses and derive EoS of DM. In section IV the major results of the paper are shown, namely,
the observational data of U5750 RC is analysed. The derivation of the EoS of DM in spiral galaxy U5750,
the speed of sound and the refractive index are presented and discussed. In section V our conclusion is
summarized.

I1. Dark matter profiles

The distribution of DM in the halos of galaxies is not uniform, concentrating at their centers and
dropping off to the periphery. The corresponding distribution function of DM or its profile is usually
found by the methods of numerical modeling of the dynamics of stars in galaxies. In this work we have
selected the most famous and commonly applied DM density profiles such as pseudo-isothermal (ISO),
Moore, Burkert, Navarro-Frenk-White (NFW), Einasto and exponential sphere. All, these profiles possess
two model parameters: the DM density at galactic centers or characteristic density p, and the scale radius

r,, apart from the Einasto profile, which has another extra free parameter. In Ref. [10] the model

parameters of the above listed profiles were estimated for some galaxies. Inferring the numerical values of
these parameters is a standard task that can be solved by studying the dynamics of galaxies. Here for our
analyses we involve the following models:

- ISO profile [11]:

ERGES fzgz : (1)

where ¢ = r/r, is the dimensionless radial coordinate/distance.

- Exponential sphere [12]:

PExp &)= ,Doei > (2)
- Burkert profile [13]:
Po
i(8) =——. 3
Pru (& (1+§)(1+§2) (3)
- NFW profile [14], which is proposed based on cosmological models of halo formation:
Po
Prew (&) = ; C))
T ey’
- Moore profile [15]:
Puuns) = P (14 6) (5)
- Einasto profile [16]:
Pen(&) = poexp| 2n(1-¢7") . (6)

where « is the Einasto free parameter.

—— §) ——
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dP(r) o GM(r)
d]" - p(r) ]”2 B (1 1)
dqb(r) _ GM(r) (12)
dar P '

where M (r) is the mass profile enclosed inside a sphere of radius ». P(r) is the pressure profile, G is

the gravitational constant, QD(r) is the internal gravitational potential of the DM distribution.

IV. Results and discussion
In this section we present our main results providing technical details and discussions.

A. Best fit models

By exploiting each DM profile we infer the model free parameters from the fit and construct
theoretical RCs which become flat at large distances. The best fit parameters are listed in table I and
shown in figure 1 (right panel). The y* values are also shown in the last column of table 1. For the NFW
profile the parameters are unconstrained and are not listed in Table I. This is in line with the results in
Refs. [19, 20], where the large uncertainties in the NFW parameters have been found. This is mainly
caused by the linear rise of the inner rotation curve. The same is true for the Moore profile, whose fit was
not good.

To compare the 4 profiles of table I, which have different number of parameters and are not nested
into each other, we employ the Bayesian Information Criterion (BIC ) (The BIC is a selection criterion

among a finite set of models, conceived to solve the overfitting issue when increasing the number of
parameters in the fitting function) [21]. From the y° definition, the BIC is defined as

BIC =y +klnN, (13)

where & is the number of model parameters. For example, in the case of the Einasto profile £ =3, while
for all the other profiles £ =2 . A profile with a minimum BIC value is favored, according to Ref. [22]. As
one can see from Table I for galaxy U5750 the Einasto profile has the minimum BIC, while the ISO
profile has the maximum value.

Table I - Best fit model parameters for galaxy U5750.
For comparison, the mass of the dark matter in this galaxy is 2.9 x 10'® A7 ; according to Ref. [23]

Profiles | p x5 [10°M, [pc'| | nto, ko] | Mo, [M T M, | Mo, [M, T, M, | BC | Z
Burkert 11.73 £0.65 7.16 £ 0.38 (3.54+042) x 10" (6.88£1.61)x 10° 54 0.70
ISO 10.71 £ 1.00 423+0.38 (3.85 £0.69) x 10" (2.19£0.87) x 10° 61 1.37
Einasto® 214+0.10 9.37+0.20 (3.11£023)x 10" | (1.24+0.13) x 10" 37 0.13
Exp. sphere 12.50 + 0.50 5.11+0.19 (3.34£0.32) x 107 (3.36 £0.55) x 10° 49 0.47

“The DM total mass is calculated using the last RC data point in the halo for »
"The DM total mass is calculated using the scale radius 7,
‘For the Einasto profile free parameter o.= 0.73 + 0.05

In figure 1 (right panel) the gray thick points show the observational data points of galaxy U5750 with
the attached error bars. The DM profiles are shown with solid curves: ISO (black), exponential sphere
(red), Einasto (brown) and Burkert (blue), NFW (green), Moore (purple).

B. Equation of state

In order to obtain the formulas of the pressure in NG, the density profiles Eqgs. (1) - (6) are plugged in
Egs. (10) - (11) and then are integrated to fulfill boundary conditions i.¢. at infinity the pressure must be
zero. However, due to the complexity for the Einasto, Moore, NFW and Burkert profiles all computations

—— {4 ——
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U5750 TAJIAKTUKACBIHJATBI KAPAHI'bl MATEPUAHBIH KACHETTEPI

Annoramus. Kaparrsr matepus (KM) moceteci - Ka3ipri acTpoH3UKAHBIH, KOCMOJIOTHAHBIH JKOHS 3JICMCHTAP
OemmekTep (DM3MKACBIHBIH, IpTENi JKOHE oI IIenmiaMereH mocenenepinie Oipi. KM-HbIH OapHOHIBIK MaTepHsaaH
AN BIPMAIIBUIBIFBI, OJ1 HNCKTPOMATHHUTTIK ©3apa 9CEPIecyTe KaThICTIAIbI, TEK TPABUTALMSUIBIK dCEPICCYICp apPKbLIbI
Galikanaapl (MYMKIH, 9IICi3 9CEPIECY ApKbUIBI 7a), COHABIKTAH OHBI TiKeNeH OaKpLIaylIap apKbUIbI TIPKEY MKOHE
3epPTTCY MYMKIHAITI OCHI KYHTE ACHiH OomMai xateip. Kasipri ke3ae KM OneMHIH JKaNImbl SHCPTCTHKATBIK VICCIHIH
26.8% KypalThIH MaTECPHSHBIH CPEKINE TYPi. ACTPOHOMISUIBIK OaKbLIayIap KapPaHFbl MATCPHS HETI31HEH raJaKTHKA
iCHeTTi ipi MacIITaOTHI FAPBHII OOBEKTUICPIHIH YKOHE OJIAPABIH KJIACTEPJICPIHIH AWHAIACBIHIA MIOFBIPIAHATHIHBIH
kepceteni. by perte kKapaHFBI MAaTSPHS TATAKTHKA MACCACHIHBIH 90% - HA ACHIH KypalThIH TATOJAH TYPAIbL.

Byn xymeicra U5750 mmbIpmielkrsl TamakTukacsiHna KM rtapanysr 3eprreneni. U5S750 ramakTHKaHbIH
CHIATTAMATIAPBIH 3CPTTCY VINIH H30TCpPMEIBIK, Bypkepr, HaBappo-®pank-Yaiit, DHHACTO koHC Myp CHAKTHI
Oenrini JKOHE KEHIHECH KOJIIAHBIIATBHIH THIFBI3ABIK MPOQMIbACP] KapacThIpbLIabl. COHBIMEH KaTap, CaNbICTHIPY YIIiH
SKCTIOHEHIMANAB! c(hepanbH NMpor 3eprrendi. OJeTTe ON TaJaKTHKANAPABIH imKi OeIKTEepiH 3epTTey YIIiH
KOJITAHBLIAZBL, OipaKk MaKajaaga MBICAN PETIHAC KeNTipinmi. [[amakThka NHHAMHKACHIHIAFHI KAPAHFBI MATCPHSIHBI
ecernke any HpIOTOHIBIK XKYBIKTAY AACBIHAA Aa CITTI JKy3ere achpbuiaasl. US750 ramakTuKachl YIIiH H30TSPMISIIBIK
mpo¢uib ¢H ynkeH BIC sxoHE ¢H YaAKCH ;(2 kepcerti. HOV xore Myp npodumsaepi r — 0 OoFaH Ke31C, OPTAIBIK
THIFBI3ABIK MCKCi3AikTe YMThIAAeL. CoHAbIKTaH Oy eki mpodums KM ky# TCHACYIH 3epTTeyTe KapaMaiabl, Oipak
VAKCH KAIIBIKTBIKTA OJIAp KA3BIK aWHATYy KHCHIKTapeIH Ocpemi. An, Bypkept, OHHACTO XOHC H30TCPMHSIBIK
mpopumpacpi r — 0 xesimge KM kyH TCeHACYIH Tanmmayra ere Komaiumel. JKorapeima aWThUFaH OapIibik
npoduabaepaiH imiage JitHacTo nmpodw ymiH BIC-TiH MOHI MEHHMAIIBL, 71 H30TEPMISLIBIK podmis yimia BIC —
TIH MAKCUMAJIbI OOIIBL

CoHbBIMEH KaTap, THIPOCTATHKANBIK TEIME-TCHAIK TCHACY1 JKOHE op MPO(IIb YIUNIH paanuanabl KOOPIUHATAHBIH
(O)YHKIMSACH PETiHAE KbICBIM HMPOQHIbACP TYPFBI3BUIALL. KapacThIpbuibin OTHIPFAH radakTukazarel KM ymin kyi
TCHACY1 aNbIHIBI JKOHC JBIOBIC JKBUTIAMIBIFBI CCCITCNIHAL. DHHACTO, H30TCPMAITHIK, BYPKepT KOHE 3KIMOHCHIIHAABI
cepa mpopUIbACPIHAC THIFBI3ABIKTBIH APTYBIMECH ABIOBIC SKBIIIAMIBIFEI A3ASATHIHABIFEI KepceTinai. Erep oprana
JBIOBIC SKBIIIAMIBIFBI 3a4THIH 00JICa, OHJA OJ1 OJIEMHIH ipi MaCIITAa0TH! KYPBIIBIMIAPBIHBIH KAJBINTACYbIHA BIKIIA
ereriHi kocMmomorusigan Oenrimi. Compai-ak, KM-HBIH yiecTipyiHzeri CeIHY KepceTkimmn ecenremiHai. CoIHy
KOPCETKII TaJAKTHKAHBIH OPTACHIHA >KAKBIHIAFAH CAMBIH TYPAKTHI OONATHIHBI, aJ TAXO AHMAFBIH/IA A32STHIHIBIFBI
kepcetimai. OHBIH CaHABIK MOHI BakyyMmfa Kaparanma KM Oap ramakrukama kem Oomnel. Bynm cmmarramans
TPaBHTANMSIBIK THH3A1ay 3QQCEKTICIH 3epTTCY VIIiH KOJIAHYFa OOIabL.
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CBOMCTBA TEMHOW MATEPUM B TAJTAKTUKE U5750

Annotamust. [Tpobrema Temuo# mMatepuu (TM) aBmsiercst ogHOH W3 (yHAAMCHTAIBHBIX H MMOKA HEPEIICHHBIX
MPOOICM COBPSMCHHOH acTPO(H3HKH, KOCMOJOTHH W (DH3HKH 3JICMCHTAPHBIX YACTHL. B OTIHYHC OT OOBIMHOTO
BHAMMOTO / OApHOHHOTO BEIecTBa, T™M HE y4acTBYET B 3JCKTPOMATHAUTHBIX B3aUMOJICHCTBUSX, HO IPOSABILIET CeOs
TOJIBKO UCPE3 TPABHTAIMIO (M, BO3SMOXKHO, TAKOKE UCpe3 Cabd0¢ B3aMMOICHCTBHC) W TO3TOMY HEAOCTYIHA IS
mpaMbIXx HaOmoneHni. Cuuraercs, 4to B Hacrosmee Bpemst TM cocraBimier 0koio 26,8% ot odmiel Macchl BCeX
(opMm Marepuu BO BceneHHOH. ACTPOHOMHUYCCKHC HAOMIOACHHA MOKA3HIBAIOT, UTO TM B OCHOBHOM KOHIICHTPH-
PYETCA BOKPYT KPYITHOMACIITAOHBIX KOCMHICCKHAX OOBEKTOB THIIA TAJAKTHK M MX KJIACTEPOB.

B namHO# pabote mccmemyercs pacmupeaciacHue TM B cnmpambHOH ramaktuke US750. Jms mccnenoBaHHA
XAPAKTCPUCTHUK Z[aHHOfI TAJIAKTHKH PACCMOTPCHBI H3BCCTHBIC H IMUPOKO HCIIOJIb3YyCMBIC HpO(I)I/IJ'II/I INIOTHOCTH, TAKHC
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Kak m3oTepMmuucckuii, bypkepra, Hasappo-®perka-Yaiita (HOY), Ditracto m Mypa. Kpome Toro, 11 CpaBHCHHS
paccMOTpeH mpOo(HITh SKCMOHCHIMANBHOH ceprl. OOBMHO OH MPHMCHACTCA AT M3YUCHHA BHYTPCHHHX YACTCH
TaJaKTHK, HO 37cCh OBLI MPHBEIACH B Ka4eCTBE mpuMepa. HaxokaeHie YHCICHHOTO 3HAYECHHS MAapaMeTPOB POt
rajgo TEMHOM MaTEepHH IPEICTABILIET COOOH OIPEICICHHYI0 MPOOIeMy, KOTOPYIO, Ha HAII B3TILLN, MOKHO PEINHTH
OyTeéM HCCICOAOBAHHWA OUHAMHKH TAJAKTHK. HpI/I 9TOM YYCT TEMHOH MATCPUU B AUHAMHUKEC TAJAKTHK YIOAIHO
peamsyercsa B paMkax HeroToHOBCKOTO mpuOmmkeHud. g ragaxruku US5750 n30TepMuIeCKHi MPo(HIp moKa3an

cambrii 6ompmolt Bayesian Information Criterion (BIC) u camsrit 60mpmoi ;(2. IMpodumun HOY u Mypa pacxoagarcs

mpu t — 0, Be3BIBasA mpodieMy kacma (the halo problem). [l uccnenosanms ypapHeHus1 coctosaus TM 3tH 1Ba
mpoduas HE TOIXOMAT, XOTA HA OOIBIIMX PACCTOSHHAX OHH JAIOT IDIOCKHE KPHBBIC BpAaIlCHWI. A mpodumm
Bypkepra, 3#HACTO W H30TEPMHUYECKHH JIyUIIE BCETO MOAXOAT ULl aHAIM3A YPaBHEHHS cOoCTostHIST TM mipu r — 0,
Tak KaK TJIOTHOCTh CTAHOBHTCA KOHCUHOH. M3 BCEX BBINC NCPCUMCICHHBIX Mpo(micH OHHACTO WMeEeT
muaEMansHbIA BIC, a m3otepmuieckuii mpomnbs MakcumanbHbi BIC.

[ToMuMO 3TOTO, OBIIIO PEIICHO YPABHEHUE TMAPOCTATHYECKOTO PABHOBECHS M MOCTPOCHBI MPO(IIIN JABICHUS
Kak ()YHKIMSI paguatbHONH KOOPIMHATHI A1l Kakaoro mpodmrt. O0seauHas mpoum IUIOTHOCTH C MPOQHIIMHA
JIaBJICHUS, TOJYUYCHO YpaBHEHUE COocTOsHUA TM B paccMaTpuBacMOU rajakTuke. Paccuurana CKOpocTs 3Byka B TM
H TIOKA3aHA, YTO CKOPOCTH 3BYKA BEACT ceOs HEe 0aHO3HAYHO. [t mpodumeit Ditnacto, Bypkepra, H30TSPMHUICCKOTO
W OSKCHOHCHIMANHHOH C(epbl CKOPOCTH 3BYKA YMCHBINACTCS C VBCJIMUCHHEM IUIOTHOCTH. JTO YHHUKAIbHASA
0cobeHHOCTh TM, KOTOpasi HTPACT KIOUCBYIO POJb B (DOPMHPOBAHUH CTPYKTYPHL. M3 KOCMOIOTHH M3BECTHO, HUTO
€CJIH CKOPOCTh 3BYKA B CpPEJC YMCHBIIACTCS, TO OHA CIIOCOOCTBYET OOPA30BAHMIO KPYITHOMACIITAOHBIX CTPYKTYP
Bceenennoit. Kpome TOro, paccumTaH MmoKa3areib MPEIOMIICHHA B PACIpEAciACHHH TeMHOM Mmarepuu. ITokasartens
TIPETIOMIICHUS OBLI MOCTOSHHBIM BOIIM3H TANIAKTHYICSCKOTO SIApa M YMEHbIIANCSA B 001acTH rano. Ero 3HavueHUE OBIIO
HECKOJIBKO OOJIbIIE B TANAKTHKE, 3aMOJHEHHOH TM, YeM B BAKYYME. 3Ty XapaKTEPHCTUKY MOXKHO HCIIOIb30BaTh I
H3MEPECHUS B U3YYCHUS 3((PEKTOB rPABUTALNOHHOTO JTHH3HPOBAHHL.

KimoueBnbie ciioBa: TeMHAsI Marepusi, KPUBBIC BPAILICHUS, YPABHCHHE COCTOSHIS, CKOPOCTh 3BYKa, NMOKA3aTEIIh
MPETOMICHUA
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