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Abstract: <p>The radial acceleration relation is an empirical universal scaling relation between the total gravitational field and the Newtonian
acceleration generated by baryons at any given radius within spiral galaxies. In thistalk, | will discuss the possibility that such arelation arises from
interactions between baryons and dark matter (DM), rather than from feedback processes or modifications of gravity. Starting from this premise, |
will discuss what we can infer about the nature of baryon-DM interactions. In particular, | will argue that & nbsp;such interactions must depend on
the local DM density in order to correctly reproduce the observed behavior of spiral and elliptical galaxies. | will briefly revisit existing
phenomenological, astrophysical and cosmological constraints on baryon-DM interactions in light of the unusual density dependence of our
cross-section. | will conclude by mentioning possible ways of realizing this scenario in particle physics models, and discuss a non-relativistic toy
model.</p>
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Galaxy rotation curves

Bulge —Dominated Spiral (NGC7814) Disk —Dominated Spiral (NGCGL03) Gas—Dominated Dwarf (NGC3741)
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Baryonic Tully-Fisher relation:
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Radial acceleration relation
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Possible origin of the RAR

« Standard ACDM cosmology

* New interactions between baryons

* New interactions between baryons and dark matter
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Radial acceleration relation
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Possible origin of the RAR

« Standard ACDM cosmology

* New interactions between baryons

* New interactions between baryons and dark matter
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From Boltzmann equation...

9f k Of 0 f
* DM Boltzmann equation: ([ F— . (£ - mg - (---'-[-, Z\f, fv
ot m or " Ok «

« Poisson equation: V . g = —4nG (p + pp)

* We will consider equilibrium configurations,
assume approximate isotropy in velocity space

. Bk ko -

Pirsa: 17110048 Page 10/40



...to moments at equilibrium

g ]ik .
DM number density: n(r) = / ‘ f(r, k)

(QW):S .
. | | continuity equation (trivial)
. | Jean’s equation (hydrostatic equilibrium)
V (pv?) = pg (T = mv?, p = mn)
. ' heat equation
V-Q=E
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Heat conductivity

. ] ~ —’r! {vT o
« Fourier's law: Q ~ sV <1
- Coynl?
 Heat conductivity: k =~
‘relax
* Heat equation > V. (kmVv?) =&
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Particle physics inputs

¢ Cle E=nl€ (Cint = npointv)
v CU.-() Ty
* VIas l Tint€ =~ (C ~ 1/10)
n
* M _ € >~ 2mpv° > 0 (m > my)

On average, DM cools down by interacting with baryons
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To summarize

Today we are going to solve the following equations for p and v :

E ' V-§=—47G(p+ pp)
: . V(pv?) = pg
. ' V- (hme:'uz) ~ Cppagv
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Equilibrium

» Characteristic time for energy loss by DM:

d(mu?) , mu? 5 P
L ~ _I‘inl,( = = > H{)’T — 1(}2'(.-‘ f
df T Pb

* Which systems do we expect to be in equilibrium?

v P/ Py
10°° varies
10°? <1
101 varies
Clusters 102 10
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Disk Galaxies

Knudsen regime
® Hierarchy of time scales:

Thalo -~ T/“ z Tdisk

® Heat conductivity:

conb?

~ N7V
frui.'l_x

S

® Spherical symmetry
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Disk Galaxies

DM-dominated region

® Hydrostatic equation:

1d (p0?) GM(r) (r) v4(r)
—— |\ PV = — > r) ~
pdr f re f 2nGr?
® Heat equation:
1 d o dv? _ dv? My (T)
—— | U = C agvpy > pT ~ Ca :
r2dr (pt " dr ) HOER P ar Ly
> -(,?'1('1') ~ CaoG My, (r) lﬂlu ~ 4CanG M, . a4’ ~ agap

1
)
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Disk Galaxies

Baryon-dominated region

® Hydrostatic equation:

1d 9 G My(r)

A G My(r)
- X 2 b
—— (pv°) ~» ———= - 2(r) ~
0 dr (/ ) '!"3 (d (7 ) .
® Heat equation:
1 d a dov? dov? My (T)
— — | pur?- = C agupy > pT ~Ca :
r2dr ([ dr ) thid AT ar O dmr2
C ag dlogr |
pr) ~ AnGr \ d 1():.1,2 > Ypwm(r) ~ p(r) r =~ const.
4 I s YV

Pirsa: 17110048 Page 20/40



Disk Galaxies

My = 10°M,, L = 1 kpc

V [km/s)

r [kpc]

(C = 1/16)
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Elliptical Galaxies

Pressure-supported

Baryon-dominated

e 9 p _
In equilibrium: Hor ~ v— S 1
' Pb
o nt? 5 v® p?
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T mCag pr

“Power-law arguments” .
~_ GM (r)

5 = ag

r
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Elliptical Galaxies
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Cross sections

220

v 7 km /s

« Local values: p~ 10 *'g/cm®,

. Tint _C IIl2
« From our master equation: ~ 5 (m > my)
m g
: : 1 o a _
« DM self-interactions: — > r <10— <107t
on Tint ao
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Large scale structure

« For elastic scattering € ~ 2mv?, and our master equation
implies oine ~ 1/v°

« Growth of DM structures at redshifts 10* < z < 10° places
constrains such a cross section:

2
9 Jil’l{ l[) (.Ill

v* <6x10
m g

(m > my,, elastic)

« Using the cosmological density p =~ 2 x 107%%(1 + 2)°g/cm?
our master relation yields

20t Cag 0.7 cm?
m P (1+2)3 g
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Bullet cluster

e (Galaxy clusters are not in
equilibrium because Hot 2 1

® 7 |s also the typical time
scale for energy transfer
between merging clusters:

7> Hy' ~4x10's

e Bullet cluster constraint:

T > 10'%s
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Model building

Cag _
° or € Tint =~ 5 (m > my,)
nuv
e \el . €.9. Sommerfeld enhancement, magnetic dipoles
. ' e.g. plasma frequency, phonons?
. | 1ge: getting correct velocity and density dependence
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A toy model

4

b

J 3qd
, . e = »
S = / dtd>z { (V)2 + e 29®
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- E(c Vi + V™) - Vo — 2; Y|F (V) ] }

1. Galilel + Schrodinger invariance:

t — 2

A T

r—e
P — (f*m'qsﬂ*
®— D+ \/g

n=(jbf2) #0
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A toy model

* Expanding ® = @, + o, we get cubic couplings with DM:

i L= ¢ V.|? : ¢ = =
qo | =Y. (0 — O¢)Ye — | — + plc)?| - —}(z_,-:'(”fV(,‘-'(. + .V ) - Vo
2" 2m 7 m '
«  Symmetry-breaking coupling with baryons: gyo|¢|°
« Baryon-DM amplitude and cross section:
- 71
p' L
, 3P, |
€ — =, 9
~ = — x (k—k')* ~
(k — k)2 +m3 Vnu?
f L const.
Tint NG
nv“
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Summary & future directions

Baryon-DM interactions could explain observed behavior of
spiral and elliptical galaxies provided they satisfy the
master equation ogipte ~ 1/n

Model building: relativistic model? zero sound?

Phenomenology: light dark matter?

Astro: approach to equilibrium?
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Thank you.

Riccardo Penco

University of Pennsylvania
rpenco@sas.upenn.edu
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