HWP acnupaHTOB

dopMupoBaHMe CTPYKTYp U3
B3aMMOAENCTBYHIOLLLEN CKPbITOWU MacChl

BbinonHun: KanawHukos 1.C.
HayuHbin pykoBOAUTEND: Benoukunn K.M.



MoTuBauus

Paositron fraction
0.20; T T - — -

T T T T T T T T T T

M, =1000 GeV, ¥?=5.4, <av>=3.12x 102 cm®sec™, ee:ypirriqq=0.:0.25:0.62:0.13

0.3

0.2

0.1

TTIII

T

||

—ref. 1

PAMELA
Aesop (ref. 13)
HEATO0

AMS

CAPRICE94
HEAT94+95

TS93

MASS89

Muller & Tang 198758

Pasitron fraction, g(e*) / (p(e*) + p(e)

0.02

COoO*DaOXe

.00
0.01 - I | W | || 1 I | ‘ 3 0010 20 50 100 200 500
10- 1 10 10

Energy (GeV) E, GeV
K. Belotsky et al. International Journal of Modern Physics D (2018)
O Adriani et al. Nature 458, 607-609 (2009) doi:10.1142/50218271818410109
doi:10.1038/nature07942

®opmMunposaHue cTpykTyp, KanawHmkos .



SIDM

* Self-interacting Dark Matter — npononHMTENbHOE B3aUMOAENCTBUE,
KOTOpPbIM 061a4at0T TO/TbKO YaCcTULbl CKPbITON MacCChl.

* Pewmaet npobnembl CTaHOapTHOM KOCMONOrMYeckon Moaenmn Ha
MacwTabax oTaenbHbIX ranakTuK

* B paHHOM paboTe ncnonb3dyeTca Moaesb C «TEMHbIM»
KYTOHOBCKMM B3aUMOAENCTBUEM

dopmMunposaHue cTpykTyp, KanawHukos .



* Llenbto ABnaetca nsyyeHne popMmnpoBaHna CTPYKTYp U3
B3aMMOAENCTBYHOLLEN CKPbITOM MaccChl.

* 3aga4a cBA3aHHaA Cc TpexyacTMyHon pekoMbuHaumnem no3songaeT
eCTeCTBEHHbIM 0OpPa30M MOTyYNTb B3aMMOAENCTBYOLLLYHO U
HEB3aMMOOENCTBYHOLLYH KOMMNOHEHTY CKPbITOM MaccChbl B paHHeN
BceneHHon.

* Ba)kHOW 3agaven ABNAeTCa onpeaeneHne napamMeTpon
B3aMMO4ENCTBYHOLLLEN CKPbITOM MaccCbl onpeaenatoT popmy
oOpa3ytoLmnxca CTPYKTYP.

dopmMumpoBaHme cTpykTyp, KanawHukos [.



PekoMbuHaums

* PekoMbuHauusa — nepexon B cBA3aHHbIE COCTOAHUA.
* Pa3Hble MeToabl pacyeTa pekoMbuHauum

- 327 o In(v™1) o g,
B 3\/§ [LQ V2

H. A. Kramers, Philosophical Magazine Series 1, 1923, 46, 836-871

OK

39v/27 ma’ (4730

(O'fu) = 3 = 5 n. (2 dvHamunyeckue ceonctea SIDM kputnueckum
/ ‘ =
3 T5/ my 3aBUCAT OT KO/IMYECTBA
L. Pitaevskii, Zhur. Eksptl’. i Teoret. Fiz., 1962, 42. npope KOM6VIHVIpO BaBLLUMX YaCTUMLLbI.
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Pe3ynbrathl

r(T)=n(T)/s, oTHOCUTENBbHAA NJIOTHOCTb 3aPAXXEHHbIX YacTuL,
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Pe3ynbrathl

0
10! 102 10° 107 10° 101 1013 10%
m,, 3B

r

To

1.92

e
o
©

L
s
s

=] H
© N
o =]
3Ha4YeHNsa OTHOCUTENIbHOM NJIOTHOCTU: —Iog

101::/‘/' 7 7 i T 7’7‘7'7'777'7'7‘7‘/"'7‘777‘7’7"/7‘7’77'7;
j/ —— TpexyacTuyHaa pekoMbuHaumsa ~
! —— [penen NpUMEHUMOCTH j
100+
10—1 -
(=]
T
1072+

/ m, = 10° 3B :
mp = 10° 3B 4

10—4/‘. i s ; i

106 103 104
T, 3B

* MeTopn 6bicTpON HapaboTKM KONMYEeCTBa NPOPEKOMOMHMPOBABLLMX YacTul,

* Tonbko npu 60NbLLUNX KOHCTAHTaxX B3aMMO4EeNCTBUA

dopmupoBaHme cTpyKTyp, KanawwHukos . 7



dopMUpoBaHUME CTPYKTYP

S0 GALAXIES

MO>XHO N1 No NapaMeTpaM BO3MYLLLEHUA
onpeaenntb Gpopmy byayLen ranakTtmkmn? T
Mo>xHO N onpeaenntb GopMy ranakTmkm 6es ee
n3obpaxxeHma?

(KpMBbIe BpaLL'.eHMﬂ, CneKTp, KpaCHoe CMeLLI,eHMG) ORCINARY AND RARRED SPIRAL GALAXIFS

David Goodstein Adventures in Cosmology
(California Institute of Technology) 2011

Kak knaccmnumumpyroT CTpyKTypy B MOAENUPOBaHUN?

Kak paccumntaTtb ceveHne B3aMOAENCTBUA
061BbEKTOB BHYTPU ranakTuk gpyr ¢ Apyrom?

dopmMumpoBaHme cTpykTyp, KanawHukos [. 8



dopMUpoBaHUME CTPYKTYP

7N

Kak HanTtu oTBeTbl Ha
BOMpPOCHI?

~
S =

MopennpoBaHue AHanuTnyeckmnim

7\ N\

MoagundunuympoBaTb N-body, Bkntouarouiee
N-body c 6apnoHamm SIDM

N NS

YpaBHeHWA ana
CTPYKTYpP U3 06bI4HOM
Martepum

dopmMunposaHue cTpykTyp, KanawHukos .



AHannTnyeckmne noaxoabl

* He cywiectByeT 06L1eN TEOPUM GPOPMUPOBAHUA CTPYKTYP.
 OCHOBHOM MeTO4 — MOoAenmMpoBaHue, BaKHbl HavanbHble YCNOBUS

* KOHKypupytoLime appekThbl, BAnAaroLmMe Ha ¢opMy ranakTuk:
CTO/IKHOBEHWMA, AMHAMM4YecKoe TpeHune, agnabatnyeckas otgava

* CnoXkHble CTPYKTYpb! (Bapsbl, cnupanu n 1.4) nccneagoBaHbl Npu
OTAE/IbHbIX HAaYa IbHbIX YCMOBUAX

David Goodstein Adventures in Cosmology, (California Institute of Technology) 2011

dopmMunposaHue cTpykTyp, KanawHukos . 10



N-body

* GADGET-2, GADGET-4

e lna GADGET-2 Heckonbko Mmogndumnkaumm c SIDM.
Kolul B Sa Kp bITO M ﬂ.OCTyn e Bhattacharyya, J., et al. The Astrophysical Journal, (2022)

Springel, V., et al. Monthly Notices of the Royal Astronomical Society, (2021)

« MopgenupoBaHMAa ncnonb3yroLwime npoctole Moaenn SIDM

Ghigna, S, et al. The Astrophysical Journal (2000)
Randall, L., Journal of Cosmology and Astroparticle Physics, (2015)
Hopkins, P, et al. Monthly Notices of the Royal Astronomical Society, (2021).

dopmMunposaHue cTpykTyp, KanawHukos . 11



Cumynaummn CDM

dark matter dark matter dark matter

Mon Not R Astron Soc, https://doi.org/10.1093/mnras/stab1855

dopmMumpoBaHme CTpykTyp, KanawHnkos . 12



3ak/irouyeHue

B naHHOM paboTte nccnengoBanocb $OopMmMpPoOBaAHUE CTPYKTYP
N3 B3aNMOOENCTBYHOLLEN CKPbITOM Macchbl. bbino nonyyeHo:

* PazpaboTtaH MeToA Cc UCNoMb30BaHUEM TPEXYACTUYHOM

peKkoMbMHaumMmn, No3BOAAK UM NONYUNTb 60NbLLOE KOTMYECTBO
HENTPanbHbIX TEMHbIX aTOMOB.

* I3yueH n ocBoeH naket and N-body mopgenunpoBaHna GADGET-4.

* B panbHenweM gaHHbIM NakeT byaet aganTnpoBaH ans
MogenunpoBaHuna SIDM.

dopmMumpoBaHme cTpykTyp, KanawHukos [.

13



Cnacmbo 3a BHMMaHume
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BACKUP

Assuming that n, = n; for plasma neutrality, we have for three-particle
recombination:

dr r3s? 2\/77za(47ra)
dT ~ HT 7ana/2 |

T,, is non-relativistic particle of matter, so we can assume that

; T2 e 0 T2
T B Tay = 7, Where Tgy is the temperature of a-y freeze out.

s = 2m2gT3/45. Then, we have:

dr [ 2mg 2,/77za(47'a)’T9/2 r3 B 3
a7\ 45 my "HTY  HT?

.

®opmMunposaHue cTpykTyp, KanawHmkos . 15



BACKUP

'rM-B(T) = T'rec
RD

1+ 2r2 D (1 1)
vl “ =
\ 5+rec EDD T5 Tr% ]

mg | 100 GeV
my | 1 TeV

o, | 1/100

Prec | 4.6 10713

1

'rMD(T) = T'rm

4.5 ! 1
\ 1+ §rrmDMD(T9/2 N T9/2)

rm

®opmMunposaHue cTpykTyp, KanawHmkos .
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Average cross section

(ov)/m (cm?/g x km/s)

BACKUP

Cross section for each system

104

Simulation data at 1 cm?/g
(to verify model and get
systematics)

Dark U(1)
gauge boson

10 50 100 500 1000 5000

Average velocity (v) (km/s)

®opmMunposaHue cTpykTyp, KanawHmkos .
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BACKUP

The luminosity, velocity dispersion, and size of elliptical galaxies are
correlated. Astronomers usually plot this correlation using not the lumi-
nosity but the average surface brightness within the effective radius, which
is simply T, = £L/(mRZ2). Then if we plot the positions of a sample of
elliptical galaxies in the three-dimensional space with coordinates log;, I,
logyy Re, and log;, oy, they are found to lie on a two-dimensional surface,

the fundamental plane (see BM §4.3.4 and §4.9.2), given by

logyg Re = 1.2410g,p o) — 0.82 Iogmf'e + constant, (1.20)
with an RMS scatter of 0.08 in log,, R, or 0.07 in log,, o (Jergensen et al.
1996).

PV a i s e e S B e Sl S R S S A S e e e S e L e N sl

Jo(kR)e

O(R,z) = —2nGZoRE [ [

dopMupoBaHue cTpykTyp, KanawHukos [.

1+ (kRq)?]*/?

dk.
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BACKUP

dopmMunposaHue cTpykTyp, KanawHukos .
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