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DARK MATTER

Baryons
Qp = 0.05

Qum = 0.27
Q, = 0.68

5%

Dark Matter

27%

68%

Dark Energy

95% of the Energy-Mass budget of the Universe:
Dark matter + Dark Energy
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DARK MATTER

- Fritz Zwicky: 1930s - studied
the Galaxy clusters =
abnormal behaviour in speed
of galaxies in the Coma
cluster:

- Galaxies were moving too
fast based on just having
visible matter

- He suggested = “Dunkle
Materie” or “dark matter”

2/26



RK MATTER

- Vera Rubin: 1970's - studied
the speed of stars in galaxies:

- Distant stars moving faster
than we expected

VeragRubin ca 1992, photograph by Mark
Gogey, credit: Carnegie Institution,
Department of Terrestrial Magnetism.
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DARK MATTER

1.6 T T T

Galaxy Rotation Curve
Credit: Matthew Newby, Milkyway@home
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DARK MATTER: OBSERVATIONAL EVIDENCE

- Rotational curve

- Mass tracers (X-rays,
Sunyaev—Zeldovich, strong &
weak lensing)

- Bullet Cluster
- Cosmic Microwave

Background (CMB)
anisotropies

- Large Scale Structure (LSS)

Credits: ESA
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STANDARD MODEL OF CosMOLOGY: ACDM

ACDM: A-Cold Dark Matter

- Abundance
DM = ~ 27% of the universe’s total mass-energy budget
- Cold
DM particles should be non-relativistic (cold)
- Weakly Interacting
DM is thought to interact via gravity and the weak nuclear force
- Invisible
It does not interact with light
- Distribution
A web-like structure throughout the universe
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THEORETICAL BACKGROUND: NMC

4 NMC is not limited to specific theory )
- Within GR, DM can be considered as: Bose-Einstein
condensate (BEC)

- Modified Gravity = Born-Infeld theory = Same
characteristics that NMC introduces g s jimenez, 2017, os.03351)
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https://arxiv.org/abs/1704.03351

THEORETICAL BACKGROUND: NMC - ACTION

Einstein-Hilbert Action:
SZ/d4x\/—gR+Sﬂuid (1)

Our NMC Action: (. settoni,s. Liberati, 2015, 1502.06613)

M3
5= % / d*2/=g[R + aapomRy, v u”] + Siuia @)

Our DM variable couple to the contracted Ricci tensor with
the fluid four-vector velocity.
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https://arxiv.org/abs/1502.06613

THEORETICAL BACKGROUND: NMC - NEWTONIAN LIMIT

Modified Poisson equation:

VQCI) = 47TGN [p — € L2 VzpDM] (3)

The source of gravity is not only density but also on how
the matter is distributed.

- Density p = ppm + pgas
- Polarity = e=—1
- Characteristic Length of NMC model = L o« ay
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THEORETICAL BACKGROUND: NMC - NEWTONIAN LIMIT

Modified Poisson equation:

V2® = 47 Gy [p — € LI* V? ppu]

VQ\I/U = 47 Gy [p —eI? VQpDM}

- ® = ¥ = no anisotropic stress
- Density p = ppm + Pgas
- Polarity = e=—1

- characteristic Length of NMC model = L
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GRAVITATIONAL LENSING

Observer _—" _ __===="""

_________ L
De D ® Dy
Dy
Effective lensing potential:
2 Dy [T
(I)lens(R) = ?Dlll) / (I)(PL, Z) dz (6)
1 DDy [T
K(R) = ;‘) l/ A®(R, 2) dz (7)
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GRAVITATIONAL LENSING

Observer _—" _ __e==="""

k(R) [p(R,2) — eL?Apppu(R, 2)] Az (8)

_ AnGy DiD /+°°
T2 D,

— 00

C A, = %% + 5%27, (Spherical coordinates)
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CLUSTERS OF GALAXIES: DATA

CLASH" survey programme: 19 clUSters (osiman et al 201, 105:3228)

- X-ray = hot gas

- strong and weak gravitational lensing = DM = NFW model

Hot gas = modified S-model wonanue m. et at 2015, 1:057876)

N N\ 27 360/2 N\ 27 7381/2
Pgas(r) = Peo| 1+ +Pe
7o Te,0 Te,1

{Pe,0s Te,0, Te1, T0s &, Bo, B1 } fixed by preliminary fit of X-ray data

- Tension between X-ray and lensing data = Not including X-ray
data directly in modeling our cluster

TCluster Lensing And Supernova survey with Hubble
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https://www.stsci.edu/~postman/CLASH/

CLUSTERS OF GALAXIES: DATA

CLASH' survey programme: 19 cluSters (ostman et at 20, 10s.3326)
- X-ray = hot gas

- strong and weak gravitational lensing = DM = NFW model

4 N
DM Model = Navarro-Frenk-White Profile . avaro,c.s. frenk and's. o.
M. White, 1996)
Ps
pNEwW (1) = . 2
F(1+5)
A A TA
Ps o c Pecs A = —, A =200
3 log(1+ ca) — Ty o
NG J

TCluster Lensing And Supernova survey with Hubble
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https://www.stsci.edu/~postman/CLASH/

STATISTICS: THE BAYESIAN APPROACH

- x2 function
X2 _ (K’thea(e) _ nabs) 'C_l . (Rtbeo(6> _ K,Obs> (9)

0= {0200, Mo, L} NMC model parameters

C: Covariance error matrix

- Bayes Theorem - Deriving the Posterior Distribution using MCMC

D|6, M) (8, M)
E(DIM)

PO, M|D) = £

- Bayesian Evidence

£(DIM) = / d0.L (DO, M)r(8, M)
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STATISTICS: THE BAYESIAN APPROACH

- Bayesian Evidence
E(DIM) = /dGL(D\G,M)w(B,M)

- Bayes Factor

- Jeffrey Scale = Bji interpretation

log B/ < 1 Disfavoured
1 <logB/ <25 Substantial
2.5 <logB; <5 Strong

log B/ > 5 Decisive
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STATISTICS: THE BAYESIAN APPROACH

- Evidence: Highly prior dependent esseris & selido 2013, 12107652
Kullback-Leibler divergence (KL) utibsck & teibter 1950

(d@, M), L(d6,M;)
D = (7] lo
Kl = /d M) %8 E(dMy)

Dkr, 2 prior-dependent as By;

- Sus PICIOUSNESS (Handley & Lemos 2019, 1903.06682, Handley & Lemos 2019, 1902.04029, Joackimi et al. 2021,
2102.09547)

log Si; =log By + Dkr.i — Dkij

log S;; prior-independent

log S < 0 Tension
logS;; >0  Consistency
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WHEN MARGINALISATION IS NOT ENOUGH: AN EXAMPLE
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o
- Marginalisation:

- Simply “reading” the posteriors which are produced as output by
the MCMCs.

- Profile distribution:

- An extension of the profile likelihood

- It highlights the behavior of the posterior around the maximum of
the likelihood. (. comezvalent, 2022, 220316285)
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https://arxiv.org/abs/2203.16285

RESULTS: GR vS MODIFIED

10} g 10}
—~ 8r 4 8
oy —~
5 g
. 6r g LI> 6
Q =
= z
Z 4t - 4 — 4t - |
——— i S i L
© ot % i) ] 1 2+ 1
l FJ—A‘ i
or : ot R g
0 2 4 6 8 10 0 2 4 6 8 10
c200 (GR) c200 (GR)

Figure 1: Comparison between values of concentration parameter caoo in GR
and NMC model considering Marg. and PD.
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RESULTS: GR vS MODIFIED
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Figure 2: Comparison between values of mass Mago in GR and NMC model
considering Marg. and PD.
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RESULTS

C200

Mago

Figure 3: Comparison of dark matter parameters ca00, M200, Obtained from
GR and from the NMC model considered in this work.
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RESULTS
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RESULTS: CLOSER LOOK!
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RESULTS

AM(r) (%)
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GR MOD (marg.) MOD (PD)
Cluster 200 Maoo 200 Moo log L €200 Mao0
(10%9 M) (10 M)~ (kpe) (10" Mo)
A383 | 649728 07003 074733 15t 441734 060037
A209 2461060 1570 1357037 2247099 | (0.21,0.38,2.35)  (0.005,0.078,1.285)
A2261 | 3.93%045  1.98+050 16707 2315952 | (0.65,0.87,3.99) <143
RX2129 | 6.52+% 0.47H017 0474018 150403} 3.97+330 038703
A611 13705 | 400713 13705 1321958 3181191 1197032
MS2137 | 3457340 0.967979 I 096700 0507335 | (0.11,2.26,3.89) 0.96%05
RXJ2248 | 458723 1247090 | 4067282 1287072 —0a77}18 3.18%51 1043067
MACSJ1115 | 3.01755%  144t03 | 270058 1361045 1327408 | (0.35,041,3.14)  (0.02,0.07,1.44)
MACSJ1931 | 4.85%325 1217972 | 3557150 1357090 1494980 | (0.11,3.52,6.02) 1.9870%0
MACSJ1720 | 5.08%392 1067030 | 2165078 0781041 2564018 | (0.57,1.28,3.77)  (0.02,0.25,0.82)
MACSJ0416 0914038 | 319703 0845037 —1.89%147 | (0.26,0.29,3.03)  (0.010,0.014,0.850)
MACS)0429 071753, | 2005638 0507087 256305 | (0.28,2.17,3.82)  (0.002,0.319,0.752)
MACS)1206 1285043 | 4485190 127004 0631005 3.10%247 1084049
MACS)0329 0661918 | 710728 0.62792 120495 0.98+9:5} (0.006,0.035,0.568)
RXJ1347 | 316758 2967080 | 283708 2827088 162078 | (0.36,0.87,3.37)  (0.04,0.66,1.40)
MACSJ1149 | 2577097 1797038 | 2219093 1737092 083108 | (0.37,0.58,276)  (0.02,0.27,1.41)
MACSJ0717 254409 | 1537020 2.40%078 1095585 | (0.17.0.20,1.61)  (0.02,0.05,1.24)
MACS)0647 L204047 | 304t b 9 154048 150005 286230 100403
MACSJO744 | 4587390 1317047 | 384100 1450000 1184073 | (0.16,0.22,4.15)  (0.002,0.005, 1.267)

log L
(kpe)
(0.84,2.13,2.50)
(1.57,3.42, 3.50)
228408
217472

(2.18,2.27,2.74)

(1.85,2.30,2.43)

(1.97,2.29,2.55)

(2 3.42)

(2.09,2.21,2.80)

(2.
(3.06,3.42,3.44)

2.92,3.01)

2.58,2.59,2.96)

2.26,2.32,2.79)

2.95,3.04,3.18)

2.79,3.16,3.43)
(2.01,3.22,3.23)
3.624073

> 246

(2.97,3.54,3.62)

log B;

5 +0.024
0.005%5023

~0.0005003%9
0.01475022
—0.013+5021
0.057+621
—0.049+507
001473023
0.02515.927
0.009°502
~0.075+0028
—0.083+0020
0.0047020
0.009%50%

o024

+0.020
0.00875:030

0.0

023
ozt

+0.022
0.008%5022
0.041+0023

0.020

~0.00243034

log S}

0.035
001040032

—0.025+0.038

0052
0.011535

0.0052:039
101+0.046
=0.02175 041
+0.031
0.084700%

770035
—0.07700%

0.032
0.008%5032

56:+0.038
0.05670 037

0.016
0.016%0035

—0.143 5088

—0.15450 038

+0.0355
—0.000417 0355

+0.0374
0.000470-0372

540053
0.005750%%

9+0.037
0.00255:037

0,03
0.0467003%

—0.003+0 0%

0.018
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GR MOD (marg.) MOD (PD) log B} log S}
Cluster 200 Maoo 200 Moo log L €200 Mao0 log L
(10" Mg) (10" M) (kpe) (10" M) (kpe)
A383 6.49%35 070703 0744030 1a5Th 4411347 0.60%050 (0.84,2.13,2.50) | 0.005*5523 0.01013933
A209 2465088 157H)E 1350037 224709 | (0.21,038,2.35)  (0.005,0.078,1.285) (1.57,3.42,3.50) |  0.006%0033 —0.0251003%
A2261 | 3.93%045  1.98+050 1L67E0TE 2317952 | (0.65,0.87,3.99) <143 2287001 —0.0005+5:05%  0.01179532
RX2129 | 6.52+% 0.47H017 0474015 150403} 3.97+330 0.385033 2175072 0.01475:022 0.005% 042
AB11 L3703 | 4004150 187H050 1.82005) 3181141 1197022 (2.18,2.27,2.74) | —0.013T902  —0.021%5:01¢
MS2137 | 3457340 0.96757 0.96*05 0501530 | (0.11,2.26,3.89) 0.96703% AT 0.0845.0%%
RX2248 | 4587731 1247090 | 4067350 1287072 —0a77}48 3181510 1047057 (1.97,2.20,2.55) | —0.049700T  —0.077 003
MACSJ1115 | 3.01°55  144t03 | 270058 1361045 1327300 | (0.35,041,3.14)  (0.02,0.07,1.44) 0.014750%3 0.00875:032
MACSJ1931 | 4857325 1217072 | 3557150 1357090 1497050 | (0.11,3.52,6.02) 1.984050 (2.09,2.21,2.80) | —0.02570037 0.0567 003
MACS)1720 1067040 | 2165078 0784047 2564010 | (057.1.28,3.77)  (0.02,0.25,0.82)  (2.52,2.92,3.01) | 0.009*0523 0.0167903%
MACSJ0416 0914028 | 3197050 0.844027  —1.897 147 | (0.26,0.29,3.03)  (0.010,0.014,0.850) (3.06,3.42,3.44) | —0.07570928  —0.143%0:016
MACSJ0429 0715035 | 2.007950  0.50%03¢ 2567027 | (0.28,2.17,3.82)  (0.002,0.319,0.752) (2.58,2.59,2.96) | —0.083T0030  —0.154%003%
MACS)1206 1285048 | 448519 127008 0.637)0 3.107337 1085049 0.004750%0  —0.000475:9358
MACSJ0329 0667013 | 7107285 0.62502%  1.29%052 (0.006,0.035,0.568)  (2.95,3.04,3.18) | 00097403 0.000455:9372
RXJ1347 | 316758 296708 | 2837087 2827093 1627078 | (0.36,0.87,3.37)  (0.04,0.66,1.40)  (2.79,3.16,3.43) | 0.00870530 0.00575 032
MACSJ1149 | 2577097 179705 | 2219093 17310@2 (0.37,0.58,2.76)  (0.02,0.27,1.41)  (2.01,3.22,3.23)
MACSJ0717 | 1797045 2544083 | 1534028 2401070 L09FLS] | (0.17,0.20,1.61)  (0.02,0.05,1.24) 3.62°07) 0.008%5,0%2 0.00275037
MACSJ0647 | 4.61%32 1215047 | 304100 1154048 1504078 2.861230 1.004028 > 246 0.04155,0%8 0.04655,03%
MACSJO744 | 4585590 1317033 | 3845100 1450040 1183013 | (0.16,0.22,4.15)  (0.002,0.005,1.267) (2.97,3.54,3.62) | —0.002£093%  —0.003+0032
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SUMMARY & CONCLUSION

4 N

- Disformally NMC Dark matter

- Modified Poisson equation = depend to gradiant of
the density

- CLASH = NFW + Modified 8-model

- Volume effects = Narrow minimum = Marg. + PD

- Marginal analysis results = more close to GR
- L= 0.1-10% kpc = average value ~ 10 kpc

« PD: o009 , Mogg < GR
- Marginalisedto PD = LK ryto L~ 14

TN O N
NN
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THANK YOU!
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