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Dark Matter Candidates and Detection}

Dark Matter Introduction

Strategies

Indirect Detection }

Why do we think dark matter exists?
What have observations taught us about it?
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Historical context
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Historical context

H

ow do we measure mass of astronomical systems?
[
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Historical context

[1904] Lord Kelvin - first to propose to look at the stars as a gas of particles
and apply kinetic theory to the Milky Way.

G. Bertone and D. Hooper, “History of Dark Matter,”
Reviews of Modern Physics 90, 045002 (2018), arXiv:1605.04909.
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Historical context

[1904] Lord Kelvin —first to propose to look at the stars as a gas of particles
and apply kinetic theory to the Milky Way.

[1906] Henri Poincaré - explicitly discusses matiére obscure; concludes
that unseen matter near the Sun is not more abundant than visible matter.

G. Bertone and D. Hooper, “History of Dark Matter,”
Reviews of Modern Physics 90, 045002 (2018), arXiv:1605.04909.
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Historical context

[1904] Lord Kelvin —first to propose to look at the stars as a gas of particles
and apply kinetic theory to the Milky Way.

[1906] Henri Poincaré - explicitly discusses matiére obscure; concludes
that unseen matter near the Sun is not more abundant than visible matter.

[1930s] Fritz Zwicky - uses the velocity dispersion of galaxies in
Coma to infer far more gravitating mass than luminous mass.

G. Bertone and D. Hooper, “History of Dark Matter,”
Reviews of Modern Physics 90, 045002 (2018), arXiv:1605.04909.

M. Crnogorcevic - ISCRA 2026 Lecture 1 - Introduction to Dark Matter 4



1. Masses from Luminosities

Telescopes only observe fluxes and spectra, not masses — intrinsic luminosity E, 2ned g
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1. Masses from Luminosities

Telescopes only observe fluxes and spectra, not masses — intrinsic luminosity E, 2ned g

4% g3

M1+M2= GPZ

Binary-star orbits provide empirical stellar masses
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1. Masses from Luminosities

Telescopes only observe fluxes and spectra, not masses — intrinsic luminosity E, distance D L.
Ve M — A2 a3
Binary-star orbits provide empirical stellar masses 1+ M2 =epo

L. (M,\"
— Main-sequence stars M/L(a~2 — 4, not universal) Lo N Mg

M. Crnogorcevic - ISCRA 2026 Lecture 1 - Introduction to Dark Matter 5



1. Masses from Luminosities

Telescopes only observe fluxes and spectra, not masses — intrinsic luminosity E, distance D L.

Ve M — 4mta’
Binary-star orbits provide empirical stellar masses 1+ M2 =epo

a

L. M,
— Main-sequence stars M/L(a~2 — 4, not universal) Lo Mg
— galaxies & clusters: unresolved mixture of stellar masses, ages. .. M, =

« e . o 0 . / .
depends on metallicity, initial mass function, remnants, observing band, etc.

Zwicky (1937) compares the dynamically-measured Y, of the Coma to the local Y, ~3 If—s.
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2. Masses from Dynamics (virial theorem)

"P9 puz ‘sdTweuAqg JdTidoe1eH ‘SuTewsad] § AsuuTtg

(8007)
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2. Masses from Dynamics (virial theorem)

Given a system with N bodies/particles’, definls

G = Zrk'pk

k=1
relative to the center-of-mass frame.

*stars, galaxies, etc.
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2. Masses from Dynamics (virial theorem)

Given a system with N bodies/particles’, definls

G = Zrk'pk

k=1
relative to the center-of-mass frame.

For a particle «:
* 1}, - P > 0: the particle is moving outward; }[The dot product tells us whether J

* 1}, - P < 0: itis moving inward. the system is expanding or contracting

"P9 puz ‘sdTweuAqg JdTidoe1eH ‘SuTewsad] § AsuuTtg

(8007)

*stars, galaxies, etc.
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2. Masses from Dynamics (virial theorem)

Given a system with N bodies/particles’, definls

G = Zrk'pk

k=1
relative to the center-of-mass frame.

For a particle k:

* 1}, - P > 0: the particle is moving outward; The dot product tells us whether
* 1}, - P < 0: itis moving inward. the system is expanding or contracting

"P9 puz ‘sdTweuAqg JdTidoe1eH ‘SuTewsad] § AsuuTtg

(8007)

{ For a bound system, the position and momenta remain finite, (G) = 0. }

*stars, galaxies, etc.
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{ For a bound system, the position and momenta remain finite, (G) = 0. J
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L For a bound system, the position and momenta remain finite, (G) = 0. }

N

N
G = z P > G= E(fk' Pr) + (X" Pr)
k=1

k=1
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[ For a bound system, the position and momenta remain finite, ()

N

N
G = z P > G= E(f’k' Pr) + (X" Pr)
k=1

k=1

Remember, 1, = vy, pi, = My vy, and p, = Fp.

N

N
G=Z‘mkvﬁ +ZI'R-FR
k=1

k=1
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L For a bound system, the position and momenta remain finite, (G) = 0. }

N

N
G=kaV£ +zrk‘Fk
k=1

k=1
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L For a bound system, the position and momenta remain finite, (G) = 0. }

N

N
G=kaV£ +zrk‘Fk
k=1

k=1
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{ For a bound system, the position and momenta remain finite, (G) = 0. J

(N ) N
'-G=kavlg +zl‘k~Fk
=1 ) k=1

1

2T
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{ For a bound system, the position and momenta remain finite, (G) = 0. }

(N A\’ ( N A\?
-.G=kavﬁ +Zl‘k'Fk
(=t ) (=1 )
T v
2T Utot
« For conservative forces from a potential U, then F, = — aaTl;-

e Then,forU(r) = Ar"™ = —21]21:1 Iy - Fp = nUtot.
« Finally, for gravity n = —1, thus:

N

Zrk'Fk = Utot

k=1
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(T) + (Utot) =

"pPo puz ‘sd>Tweukqg dT1de1EH ‘DuTewaJ] § ASuuTtyg

(8007)
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For the N number of galaxies with mass m in the cluster,

M dyn

T=N§w%~ (v2)
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For the N number of galaxies with mass m in the cluster,

M
m d
T=N—(v?) = —(v?)
2 | And, for a roughly uniform cluster of radius R,
2 -
. 5W%p )
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For the N number of galaxies with mass m in the cluster,

M
R LI
- And, for a roughly uniform cluster of radius R,
2 »
s 3 0Mgyn
& cWD spectroscopy or !
Applying the virial theorem, / distance +
/angularsize
b (v?)R ~
Myn = 0(1)—

.- - : , W™
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The Redshift of Extragalactic Nebulae

by F. Zwicky.

(16.11.33.)

“In order to obtain the observed value of [velocity], &
the average density in the Coma system would have to
be at least 400 times larger than that derived on the grounds
of observations of luminous matter.

I this would be confirmed

\ Note: Zwicky (1933) assumes 800 galaxies with an average mass of 10? M, and compares it to the dynamical mass.
2 Zwicky (1937) reaches a similar conclusion, with Y, ~530 compared to the local value of ~3.
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The Redshift of Extragalactic Nebulae

by F. Zwicky.
(16.11.33.)

. Does the virial theorem apply to the Coma
- cluster?
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The Redshift of Extragalactic Nebulae

by F. Zwicky.
(16.11.33.)

. Does the virial theorem apply to the Coma
- cluster?

WaS the |Umin0us Mass th’[? Most cluster baryons are in hot
: gas (108 K) between the

galaxies (factor of ~a few)
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The Redshift of Extragalactic Nebulae

by F. Zwicky.
(16.11.33.)

. Does the virial theorem apply to the Coma |
- cluster? pe o |

WaS the |Umin0us Mass th’[? Most cluster baryons are in hot
: gas (108 K) between the

galaxies (factor of ~a few)

i ?
Was the distance scale correct” L ity

inflated ~8 times.

. ‘_ 4 ‘.. \ & ". - ; - .. o \ .
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Historical context

[1904] Lord Kelvin —first to propose to look at the stars as a gas of particles
and apply kinetic theory to the Milky Way.

[1906] Henri Poincaré - explicitly discusses matiére obscure; concludes
that unseen matter near the Sun is not more abundant than visible matter.

[1930s] Fritz Zwicky - uses the velocity dispersion of galaxies in
Coma to infer far more gravitating mass than luminous mass.

G. Bertone and D. Hooper, “History of Dark Matter,”
Reviews of Modern Physics 90, 045002 (2018), arXiv:1605.04909.
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Historical context

[1904] Lord Kelvin —first to propose to look at the stars as a gas of particles
and apply kinetic theory to the Milky Way.

[1906] Henri Poincaré - explicitly discusses matiére obscure; concludes
that unseen matter near the Sun is not more abundant than visible matter.

[1930s] Fritz Zwicky - uses the velocity dispersion of galaxies in
Coma to infer far more gravitating mass than luminous mass.

[1970s and '80s] A convergence of evidence - Radio and
optical rotation curves, dynamical arguments, and halo models
establish that galaxy masses extend far beyond their visible disks.

G. Bertone and D. Hooper, “History of Dark Matter,” [optical] Rubin, Ford, & Thonnard; [radio] Roberts, Rots, Rogstad, Shostak, Bosma
Reviews of Modern Physics 90, 045002 (2018), arXiv:1605.04909. [interpretation] Freeman - Einasto, Kaasik & Saar - Ostriker, Peebles & Yahil

M. Crnogorcevic - ISCRA 2026 Lecture 1 - Introduction to Dark Matter 13



ypan abewi]

[1ausap Apoig



ypan abewi]

[1ausap Apoig



ypan abewi]

[1ausap Apoig



ypan abewi]

[1ausap Apoig



" Vpot(SR) =

'...'; .

GM(<R) | =

o.g

0

R

M t< é) E. 47% J

rp(r)dr

2
Urot &%

- — - T s
. RS .
LSRR f A" s
. 2o e . e
o et S 4 . i

j.:%"wPrediction from visible light:

1

i

v “.'.‘..‘V 121

[18usap Apoig 1ipaid abew]



ypan abewi]

[1ausap Apoig



/,Prediction from visible light: -

1paid abewi]

[1ausap Apoig



/,Prediction from visible light: -

1paid abewi]

[1ausap Apoig



1paid abewi]

[1ausap Apoig



1paid abewi]

[1ausap Apoig



-
.
- =
. -
.
R & o
SR i

.
.
‘¢ A
. H
v m .-
®p-."
Wi -
s Ay
. .o
'

1paid abewi]

[1ausap Apoig



-
.
- =
. -
.
R & o
SR i

.
.
‘¢ A
. H
v m .-
®p-."
Wi -
s Ay
. .o
'

1paid abewi]

[1ausap Apoig



-
.
- =
. -
.
R & o
SR i

.
.
‘¢ A
. H
v m .-
®p-."
Wi -
s Ay
. .o
'

1paid abewi]

[1ausap Apoig



Actually observé'ld}‘ ' f
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GM(< R) 3
R

| M(<R) =4n f rep(r)dr |
| e e T
- Prediction from visible light:

Vrot & 5

vvvvv

The data are well described by an additional mass
| component extending far beyond the visible galaxy,
vrot X Const | withan approximately p () oc »~* density profile
TR over the observed range (model fitting).

. ActuaIIy observed
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GM(< R) | RUBIN, FORD, AND THONNARD

" M(<R) =4n J rip(dr §
: ,

VELOCITY IN PLANE OF GALAXY (km s™)
o
=)

Prediction from visible light:

1

DISTANCE FROM NUCLEUS (kpc)

vlgot X5 | \STP\NCE ‘

e

The data are well described by an additional mass
component extending far beyond the visible galaxy,

ActuaAIIy obéerved |
Vlgot &« const | withanapproximately p(r) o 7~ density profile

over the observed range (model fitting).
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What do rotation curves actually establish?

starlight 21-cm line (radio)

ERa S | T T I T T T T l T T T T

150 =
g NGC 6503 E

They measure the total gravitational field:

« detailed halo properties require a multi-component fit
that comes with its own set of assumptions (e.g.,
stellar mass-to-light ratios, gas distribution, bulge and

959944 *Y )

halo

disk models, halo geometry and profiles, etc. ) | )
* Thisis crucial in understanding the system, and also _,-' aisk
very difficult to do* Y S Cogas
, L T [ S T T [ NI ]
% 10 20 30
Radius (kpc)
*more on this in Lecture 2. Sofue & Rubin, ARA&A 39, 137 (2001), astro-ph/0010594; Salucci, A&A Rev. 27, 2 (2019), arXiv:1811.08843
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What do rotation curves actually establish?

They alone do not determine what is the explanation (i.e.,
ordinary unseen matter; modified dynamics; a new particle, or
something else).

A
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Dark Matter Introduction

adjective: invisible, unseeable, etc.

. ’ .V .' > £ ’ 2 N .
» oy~ .- . o * ) » E = y

-

strophysics




Ordinary, but non-luminous matter
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Ordinary, but non-luminous matter

[ MACHOs: Massive Compact Halo Objects }

« faint low-mass stars, brown dwarfs, stellar remnants, planets
and compact objects, cold or diffuse gas and dust
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Ordinary, but non-luminous matter

[ MACHOs: Massive Compact Halo Objects }

« faint low-mass stars, brown dwarfs, stellar remnants, planets
and compact objects, cold or diffuse gas and dust
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Ordinary, but non-luminous matter

MACHOs: Massive Compact Halo Objects

« faint low-mass stars, brown dwarfs, stellar remnants, planets
and compact objects, cold or diffuse gas and dust

Microlensing

 The MACHO Collaboration analyzed 11.9 million stars, with .
only 13-17 possible lensing events detected oy
 EROS-2 Survey (2007) reported an even smaller number of
events (one candidate for 7 million bright stars considered)

>

Microlensing rules out MACHOs as
most of the Galactic dark matter over
broad mass intervals.

Alcock et al. [MACHO Collab.], ApJ 542, 281 (2000), astro-ph/0001272;
Tisserand et al. [ER0S-2], A&A 469, 387 (2007), astro-ph/0607207
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Modified dynamics
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Modified dynamics

[ MOND: Modified Newtonian Dynamics }

* Acceleration-dependent modifications to the Newton's
2nd law:

a) u(x) - 1; x> 1 Newtonian limit

K= myu (a_o 4 u(x)~x; x <1 MOND regime

Milgrom, ApJ 270, 365 (1983); for a review,
Famaey & McGaugh, Living Rev. Rel. 15, 10 (2012), arXiv:1112.3960.
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Modified dynamics

[ MOND: Modified Newtonian Dynamics }

* Acceleration-dependent modifications to the Newton's
2nd law:

F = mu (ﬁ) . u(x) - 1; x> 1 Newtonian limit

ag u(x)~x; x <1 MONDregime

e Thisis entirely empirical: it is considered an “emergent”
theory, not fundamental.

« Fails if applied to other systems, and even more detailed
data measurements with Gaia. arxiv:2101.08374; 1812.08169

Milgrom, ApJ 270, 365 (1983); for a review, m

Famaey & McGaugh, Living Rev. Rel. 15, 10 (2012), arXiv:1112.3960.
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Ordinary, but non-luminous matter Modified dynamics

[ MACHOs: Massive Compact Halo Objects } [ MOND: Modified Newtonian Dynamics }

» faint low-mass stars, brown dwarfs, stellar remnants, planets ~ « Acceleration-dependent modifications to the Newton's
and compact objects, cold or diffuse gas and dust Ind law:

. - . B a u(x) » 1; x> 1 Newtonian limit
« The MACHO Collaboration analyzed 11.9 million stars, with ~ F = myu (—) a uG)~x; x<«<1 MOND regime

only 13-17 possible lensing events detected E
 EROS-2 Survey (2007) reported an even smaller number of

. orre . .  Thisis entirely empirical: it is considered an “emergent”
events (one candidate for 7 million bright stars considered) y emp J

theory, not fundamental.
« Fails if applied to other systems, and even more detailed

o o t ts with Gaia. arxiv:2101.08374; 1812.081
Mlcrolensmg rules out MACHOs as data measurements with Gaia 01.08374; 1812.08169
most of the Galactic dark matter over

[
broad mass intervals. m
Alcock et al. [MACHO Collab.], ApJ 542, 281 (2000), astro—-ph/0001272; Milgrom, ApJ 270, 365 (1983); for a review,

Tisserand et al. [ER0S-2], A&A 469, 387 (2007), astro-ph/0607207 Famaey & McGaugh, Living Rev. Rel. 15, 10 (2012), arXiv:1112.3960.
M. Crnogorcevic - ISCRA 2026 Lecture 1 - Introduction to Dark Matter 17




Ordinary, but non-luminous matter Modified dynamics

[ MOND: Modified Newtonian Dynamics }

* Acceleration-dependent modifications to the Newton's
2nd law:

F = (i) u(x) - 1; x> 1 Newtonian limit

- M a 4 u(x)~x; x <1 MONDregime

e Thisis entirely empirical: it is considered an “emergent”
theory, not fundamental.

« Fails if applied to other systems, and even more detailed
data measurements with Gaia. arxiv:2101.08374; 1812.08169

The discovery of Neptune through the characterization of Uranus’ orbit R H e R L A

Famaey & McGaugh, Living Rev. Rel. 15, 10 (2012), arXiv:1112.3960.
M. Crnogorcevic - ISCRA 2026 Lecture 1 - Introduction to Dark Matter
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Ordinary, but non-luminous matter Modified dynamics

The discovery of Neptune through the characterization of Uranus' orbit Describing Mercury's precession (missing 43"/century) needed GR
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noun: component required to satisfy a specific set of observational constraints




Dark Matter Introduction

noun: component required to satisfy a specific set of observational constraints

Astrophysics I MAC

RENA

N\ ]
oen
»




M. Crnogorcevic - ISCRA 2026 Lecture 1 - Introduction to Dark Matter



|

’ -* . . : 3 . i ik 2 . : . : : ; : ' N
A - . i : WY "7 "\ Massin the cluster lenses background galaxies.
e ' : ¥ o e . ~ Projected surface mass density X can be inferred from
- b . % - P the deflection field a@:
. - K : e \~ A,
- .
i ’ ‘ (%) = 4Gf (§—&)E(E) aze .
. - ) e c? |& — &'|2 \
4 a '\ . ~ . c .l o ‘ . : ..- NS -
. | - . . ‘.‘ _\ ' ‘\ .
¢ . . » ; 0 »’
}K- - . ’ . B C v /
TN - ¢
. .\ 3 N ‘ g " o ’
' : i B ¢ ” - -~ | ‘. ~
\ -
- = o . K * -
. ‘ . ' . - S :
3 -
b .
b s o : ;
& : ’ g c . . > »
. ; N

Gravitational lensing
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History of the Universe

&

10732 seconds

1 microsecond

3 minutes

380,000 years

200 million years 400 million years

10 billion years

13.8 billion years

Inflation

Initial
expansion

First Particles

Neutrons, protons,
and electrons form

First Nuclei

Helium and
hydrogen form

First Light

The first
atoms form

First Stars Galaxies &
Gas and dust Dark Matter

condense into stars Galaxies form in
dark matter cradles

Dark Energy

Expansion
accelerates

Today

Humans observe
the universe

NASA - NASA Cosmic History https://science.nasa.gov/universe/overview/



https://science.nasa.gov/universe/overview/

3 minutes

First Nuclei

Helium and
hydrogen form
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Big Bang Nucleosynthesis (BBN)

primordial plasma

* Early Universe: hot, dense plasma (T~1 MeV)

* Free protons, neutrons, and huge bath of photons
(~109 photon per baryon) O 7

, arxiv:1801.08023;

Pitrou et al., Phys. Rep. 754, 1 (2018)

Kolb & Turner, The Early Universe
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Big Bang Nucleosynthesis (BBN)

...tells us how much baryonic (ordinary) matter is there in the
Universe, regardless of whether it's luminous or not.
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Big Bang Nucleosynthesis (BBN)

primordial plasma

* Early Universe: hot, dense plasma (T~1 MeV)

otons £

* Free protons, neutrons, and huge bath of photons r =
(~107 photon per baryon) ‘O / :
* Try to form Deuterium: @O O @ o -
p+n->D+y O 00 g

@ © O

0Ce

;‘J . @
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Big Bang Nucleosynthesis (BBN)

primordial plasma

* Early Universe: hot, dense plasma (T~1 MeV)

* Free protons, neutrons, and huge bath of photons
(~107 photon per baryon)

* Try to form Deuterium:
p+n—->D+y

* D cannot survive yet,
y+D->p+n

arxXiv:1801.08023;

Pitrou et al., Phys. Rep. 754, 1 (2018),

Kolb & Turner, The Early Universe
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Big Bang Nucleosynthesis (BBN)

primordial plasma

* Early Universe: hot, dense plasma (T~1 MeV)

1ONS
* Free protons, neutrons, and huge bath of photons ?(o
(~107 photon per baryon) @ /
* Try to form Deuterium: @O @ o
p+n—->D+y O O
» D cannot survive yet, O O ‘ ‘
y+D->p+n O

* Universe expands, temperature & density drop

Pitrou et al., Phys. Rep. 754, 1 (2018), arXiv:1801.08023;

Kolb & Turner, The Early Universe

O
20

q\ Universe expands, n;, and T decrease
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Big Bang Nucleosynthesis (BBN)

primordial plasma

* Early Universe: hot, dense plasma (T~1 MeV)

* Free protons, neutrons, and huge bath of photons
(~107 photon per baryon) @ /

* Try to form Deuterium: @O O
p+n->D+y
* D cannot survive yet, @,
O

y+D->p+n '
» Universe expands, temperature & density drop ‘ O
* At T~0.1 MeV, Deuterium survives! (f;" O

Pitrou et al., Phys. Rep. 754, 1 (2018), arXiv:1801.08023;

Kolb & Turner, The Early Universe
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Big Bang Nucleosynthesis (BBN)

primordial plasma

* Early Universe: hot, dense plasma (T~1 MeV)

* Free protons, neutrons, and huge bath of photons
(~107 photon per baryon)

* Try to form Deuterium:
p+n->D+y

* D cannot survive yet,
y+D->p+n

* Universe expands, temperature & density drop
* At T~0.1 MeV, Deuterium survives!

Phys. Rep. 754, 1 (2018), arXiv:1801.08023;

Kolb & Turner, The Early Universe

Pitrou et al.,

Q1. Deuterium has a binding energy of Bp~2.2 MeV.
Yet, we have to wait until T~0.1 MeV so that it doesn't photodisassociates. Why?
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Big Bang Nucleosynthesis (BBN)

* From there,
p,n — D, He, *He, "Li

« By the time the nucleosynthesis gets going, roughly
n/p=1/7"
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Big Bang Nucleosynthesis (BBN)

* From there,
p,n = D, *He, *He, ’Li

« By the time the nucleosynthesis gets going, roughly
n/p=1/7"

C . )
Most neutrons end up in “He —

He abundance is controlled by how many neutrons

. were available when the nucleosynthesis began y
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Big Bang Nucleosynthesis (BBN)

* From there,
p,n = D, *He, *He, ’Li

« By the time the nucleosynthesis gets going, roughly
n/p=1/7"

C . )
Most neutrons end up in “He —

He abundance is controlled by how many neutrons

. were available when the nucleosynthesis began y

" Leftover D abundance: controlled by how efficient the )

L nuclear processes were, I'nyc = Np(ov) )
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Big Bang Nucleosynthesis (BBN)

* From there,
p,n = D, *He, *He, ’Li

« By the time the nucleosynthesis gets going, roughly
n/p=1/7"

C )
Most neutrons end up in “He — 4He tells us about the
He abundance is controlled by how many neutrons
neutron budget.

. were available when the nucleosynthesis began y

" Leftover D abundance: controlled by how efficient the )

L nuclear processes were, I'nyc = Np(ov) )

Phys. Rep. 754, 1 (2018), arXiv:1801.08023;

Kolb & Turner, The Early Universe

E Pitrou et al.,
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Big Bang Nucleosynthesis (BBN)

* From there,
p,n — D, He, *He, "Li

« By the time the nucleosynthesis gets going, roughly
n/p=1/7"

4 )

Phys. Rep. 754, 1 (2018), arXiv:1801.08023;

Kolb & Turner, The Early Universe

Leftover D abundance: controlled by how efficient the D/H tells us about the
nuclear processes were, I'nyc = np{ov) baryon density.
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Big Bang Nucleosynthesis (BBN)

* From there,
p,n = D, *He, *He, ’Li

« By the time the nucleosynthesis gets going, roughly
n/p=1/7"

4 )

Phys. Rep. 754, 1 (2018), arXiv:1801.08023;

Kolb & Turner, The Early Universe

Leftover D abundance: controlled by how efficient the D/H tells us about the

nuclear processes were, I'nyc = np{ov) baryon density.

n, T— more nuclear reactions — more D processed into “He — D/H |

M. Crnogorcevic - ISCRA 2026 Lecture 1 - Introduction to Dark Matter 24

Pitrou et al.,



Big Bang Nucleosynthesis (BBN)

=10"np/n,
* From there, 10’ 10’ 10° .
[T T T R B T rorTTTTT T o~
p,n — D, 3He, 4He, "Li 10'E__ : e S
i I 2
* By the time the nucleosynthesis gets going, roughl = 10 °F '
y y geis going, rougnly g 10 | 3
n/p=1/7 e | °
2z : g
4 N : z
> C | <
ERRT! g
it ; 1 oo <
8 10_6;— :% g
g H :
5 10k <IZ 1 @
o o E’ §:i Li _ E
Leftover D abundance: controlled by how efficient the 210" S z
F a) -
nuclear processes were, I'nyc = np{ov) Z o HE E
E . g
y, Or, about 5% of the T T
wb — Qb h ~ O 022 Universe's energy 10 1072 107 10° ;;
budget. Baryon density Quh? 7

~
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Big Bang Nucleosynthesis (BBN)

...tells us how much baryonic (ordinary) matter is there in the
Universe, regardless of whether it's luminous or not.

v
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3 minutes

First Nuclei

Helium and
hydrogen form
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https://science.nasa.gov/universe/overview/

380, 000

First Light

The first
atoms form
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https://science.nasa.gov/universe/overview/

* Primordial curvature fluctuations ~ 10~
seed gravitational wells of different sizes

astro-ph/0110414

Hu & Dodelson, ARA&A 40, 171 (2002),
Planck 2018 VI, arXiv:1807.06209
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 Primordial curvature fluctuations ~ 10

otoNS* seed gravitational wells of different sizes
7 P * Photons Thomson-scatter from free
o electrons
.;rﬂq,'_‘ ° y+te oy+e
.
@ — photon+baryons act as tightly coupled

m"i; ° ;5‘ ffbé”“ fluic

0" "\ /MO
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* Primordial curvature fluctuations ~ 10~
seed gravitational wells of different sizes

 Photons Thomson-scatter from free
electrons
y+e oy+e
— photon+baryons act as tightly coupled
fluid

* The photon-baryon fluid fills the potential
wells

hoton-baryon
Fluid
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~

/Analogy:
* Pink balls: baryonicinertia
* Blue spring: photon pressure

« Well: gravitational potential
C ) P Y,

‘oax«écne

‘)\\moﬂ%
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/Analogy: A /Initial overdensity.\
* Pink balls: baryonic inertia Fluid density T
* Blue spring: photon pressure Radiation pressure 1
N Well: gravitational potential P -
Lc,omprcssmn
»
PVIOSe

rarefockion
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/Analogy: A Radiation pressure pushes the fluid outward &
* Pink balls: baryonicinertia overshoots equilibrium driving rarefaction.
* Blue spring: photon pressure Gravity pulls it back.
N Well: gravitational potential P - /
LOMPress\on
»
\ / prose
rodigtion
pressure rarefockion
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/Analogy: A [One full acoustic oscillation.}
* Pink balls: baryonic inertia
* Blue spring: photon pressure

« Well: gravitational potential
C ) P Y,

LOMPIrESsS\on

:

rarefocyion
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/Analogy: A [ Continues... }
* Pink balls: baryonic inertia
* Blue spring: photon pressure

« Well: gravitational potential
C ) P Y,

LOMPIrESsS\on

NS
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Introduce dark matter, which:
* is not part of the baryon-photon fluid
* does not feel radiation pressure

— does not participate in the acoustic
oscillations

Dodelson, Modern Cosmology (2003)
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CD M? Time t, (horizon crossing)

No

Yes

oM
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CD M? Time ¢, (horizon crossing) Time t; > t., (after matter-radiation equality)

Radiation pressure prevents sustained collapse

P decays
TR
DM perturbations are pressureless
@ more persistent
Yes
DM
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In recombination, t = 380 000 years,z =~ 1100, T = 0.3 eV, the Universe becomes transparent to photons.
The CMB records the phase of each oscillation at the time of transparency.

A C)

/ ®
o ° o . o
e

@

ESA and the Planck Collaboration

#ejes

Universe expands, n;, and T decrease

ﬁ
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In recombination, t = 380 000 years,z =~ 1100, T = 0.3 eV, the Universe becomes transparent to photons.
The CMB records the phase of each oscillation at the time of transparency.

recombinahon
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How much temperature fluctuation is present on each angular scale?

» Different perturbations had _ g X
: . Multipole moment, ¢ 2
dlﬁe rent angl“ar SIZES —_ 2 19 50 500 1000 1500 2000 2500 E.
. oo i - N 6000 ' S ' ' ] <
Peak positions: cosmic < N :
geometry o -
° O i 2
 Odd-even modulation: how g )
much baryons is needed? (baryon =~ 2 3| :
: o
loading) EE
* Overall heights and higher- g 100
peak pattern: gravitational = e E — Tl

potential evolution . Angular scale
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Side note: It could have been anything (100x, 1000x, 10000x), but it's ~order of magnitude. Coincidence? Maybe not... &

M. Crnogorcevic - ISCRA 2026 Lecture 1 - Introduction to Dark Matter

Planck 2018 VI, arXiv:1807.06209
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The growth of structure

llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll T 1T T L

10* k=1.0Mpc™*
103 5(X) = p(X)_— P
P cpM

10 baryons

1 1.1 llll

103

11 lllllll

104

(1 +z)_1
time

11 lllllll

10°% 10°°

| lllllll 11 1 11111

102

11 11111l

101

11 11118

density contrast (arb. units)

Lecture 1 - Introduction to Dark Matter

Before recombination:

* baryons are tightly coupled to
radiation, and photon pressure
prevents their overdensities from
growing significantly.

« Cold dark matter is pressureless and
decoupled from radiation, allowing
its perturbations to grow.

After recombination:

* baryons decouple from photons and
rapidly fall into the gravitational
potential wells already established
by the dark matter.
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The growth of structure

( baryons ) (darkmatter)

A 4 ° B ® . .\
° o° A o * ° e o o ~ o’
® o % ° ®
T L] ° ‘ C ° C ° ° ..
X ° % ° ° °
o? ... ° @ °® ¢ : ([ ] ..
N o o® : ~ ° o o. °
= e Py o, o,
(-} o °
© .o.. L ° ¢ e o 0.
o ° ..' ® : °® ° : Y
N S S
> U * e ee o)

space —

t=1second
both components nearly uniform

*the y-axis is not on a common scale across panels — compare shapes, not heights. x is comoving.
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The growth of structure
( baryons ) Cdark matter)

A e M é © ° ° N
° - ¢ “ ° ..o
[ ° ° : [ J
T . ..0'. . .‘ . g .o. e °
:UE: .. ©8 e ° ...o ... ’ *
= o ° ® e o* A
K] . o . w0 .
o o o °0 :
> L ° ¢ .... . ® e o‘. . :. o ./‘

space —

t=1000 years
dark matter perturbations start to grow

*the y-axis is not on a common scale across panels — compare shapes, not heights. x is comoving.
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The growth of structure

( baryons ) Cdarkmatter)

A / [} [ ] \
° °‘ 300‘ . o...... °
1 . o &Y
'.E. <. : ° ° ¢ .o )
(72 °
S 5
= S o o0 3 o.: °
/\ /\ . L
> N : Y,
space —
t =108 years

gas falls into the wells and forms galaxies

*the y-axis is not on a common scale across panels — compare shapes, not heights. x is comoving.
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Take-home message: dark matter acting across the scales

2406.01705

A single non-baryonic dark-matter component consistently explains
observations across these scales

Cirelli, Strumia & Zupan, “Dark Matter,” arXiv
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[Exercise 1.1.] In the MOND regime, Newton's second law is modified as

a
B =mu (a—) a
0

where
ux)~x (x < 1).

Consider a test particle moving on a circular orbit of radius  around a baryonic mass M.

Show that, in the low-acceleration MOND regime a <« a, the orbital velocity becomes
independent of radius. Derive the asymptotic velocity in terms of G, M, and a,.
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[Exercise 1.2.] In the early Universe, neutrons and protons are interacting through weak
reactions such as

n+v,op+e, n+eteop+v,.

While these reactions are fast compared with the expansion rate, neutrons and protons
remain in chemical equilibrium.

Use natural units,
kp =c=1,
and
Am =m, —m, = 1.293 MeV, T, = 0.8 MeV, 7,, = 880s.
Assume that efficient nucleosynthesis begins at tggy = 180 s.
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[Exercise 1.2.]

(a) Assuming negligible chemical potentials and non-relatAivistic Maxwell-Boltzmann statistics, show that
n m
—=e T.
Mp

Expllain physically why the neutron abundance becomes smaller than the proton abundance as the Universe
cools.

(b) Estimate n,, /n,, at T,, = 0.8 MeV.

The instantaneous freeze-out approximation is crude: weak freeze-out occurs gradually. For the remainder of
the problem, take

Ny 1

np/, 6

as a representative neutron-to-proton ratio shortly after weak freeze-out.
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[Exercise 1.2.]
(¢) Before nucleosynthesis begins efficiently, free neutrons can decay,
n->p+e +v,
Assuming t,, << tggn, estimate the neutron-to-proton ratio when nucleosynthesis begins using

ot
<nn) (nn> E;BN
—_— ~ | — e n
n n
P/ BBN P/ w

(d) Once the deutenum bottleneck opens, assume that essentially all surviving neutrons become

boundinto  “He. Ifr = Ny /Ny, show that the primordial helium-4 mass fraction is
approximately

Explain mtmtlvel)( why the result is close to 25%, even though neutrons constitute only about one
eighth of the nucleons when BBN begins.
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[Exercise 1.2.]

(e) The characteristic rate for nuclear processing scales schematically as

Chuc~np{ov).
Consider two Universes at the same temperature but with different baryon densities n,.
Explain why

In your answer, explain the role of deuterium as the gateway to heavier nuclei and why a

higher baryon density causes more deuterium to be processed into helium before nuclear
reactions shut off.
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[Exercise 1.2.]

(f) CMB gives a cold-dark-matter density of approximately w, = Q.h%*~0.12. Using
information in the slides, find Q. /€.

Why does this comparison rule out the possibility that most cosmological dark matter consists

simply of faint stars, brown dwarfs, planets, cold gas, or other ordinary non-luminous baryonic
matter?
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