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Galaxies: evolution and feedback

The Spitzer Infrared Nearby Galaxies Survey (SINGS) Hubble Tuning-Fork

The Spitzer Space Telescope observed 75 galaxies as part of its SINGS
(Spitzer Infrared Nearby Galaxies Survey) Legacy Program. The
galaxies are presented here in a Hubble Tuning-Fork diagram, which
groups galaxies according to the morphology of their nuclei and spiral
arms. The designation of these galaxies and their placement in the
diagram is based on their visible-light appearance. The main goal of the
SINGS program is to characterize the infrared properties of a wide range
of galaxy types. The images of the galaxies are composites created
from data taken by IRAC (the Infrared Array Camera) at 3.6 and 8.0 um,
and MIPS (the Multiband Imaging Photometer for Spitzer) at 24 um.
NGC 4006 (M54)
The infrared range probed by these and other observations
taken for the SINGS project allows for the detailed study of
star formation, dust emission, and the distribution of stars in NGC 3031 (M81)
each galaxy. Light from old stars appears as blue in the
images, while the lumpy knots of green and red light are sasb
produced by dust clouds surrounding newly born stars. The NGC 4738 (M89)
elliptical galaxies on the left are almost entirely made of old
stars, while spiral galaxies like our own Milky Way are rich in
young stars and the raw materials for future star formation. 5~
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More information can be found at:
http://sings.stsci.edu/
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See also Ruszkowski+17: Ehlert+18; Su+20,21
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Why should we care about cosmic rays?
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nergiesiand rates of the cosmic-ray particles

: nsdies
[/ Rodriguez-Montero+22 ] 107 107 10° 0 o m X ;"515;;%
10 - . 10 particle energy / shock energy Tt onea s pance
> N, b
Equipartition of energies (kinetic ~ thermal ~ magnetic : 6 /\\ Galactic
~ cosmic rays) in galaxy formation problems: intra-cluster A
medium, active galactic nuclei jets, galactic winds, S Pe—— — ﬁxej::a*calactic
interstellar medium w | T

E (GeV/ particle)

As a relativistic population of particles their adiabat and
losses are different from that of the gas

logyo((nA or I')/[erg s~ 1])

Diffusion is a key aspect of cosmic ray transport

Cosmic rays are produced at shocks:
supernovae, jets, cosmic infall

More momentum in SN explosions

Important heating mechanism in the diffuse ISM

log;o((nA or I') /[erg s71]

Sets the electron fraction at high cloud densities due to

CR ionisation losses logio(p/[em™°])  Kgtz4+22



Cosmic ray magneto-hydrodynamics
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z (kpe)

CR feedback and winds

SNe: thermal + CR

SNe: only thermal (10°! erg) SNe: only CR (10°° erg)

CR Feedback Thermal Feedback

10—21
I 10—22

z [kpc]

z [kpc]

0.0 il - S —10“245’ O

Girichidis+16

CRs reinforce the strength of

galactic winds as they

diffuse into low gas

denSItleS al Cer Temperature [K] '
gas dominated Booth_l_ 13

Vet V= pVE See: Jubelgas+08,
< outflow outflow > U h | | g + 1 2’
Hanasz+13,

gas CR dominated gas dominated CR dominated gas Booth+1 3,

Salem & Bryan 14 etc.
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Simulating galactic winds with CRMHD

e Adaptive Mesh Refinement with the RAMSES code

e |solated disc in an NFW DM halo: Mhaio=1010 and 101" Msun

e Stellar and gaseous disc (50% of gas) within a DM halo (fbaryon=3.5%)

* |nitial toroidal B field configuration (tried also poloidal B field) B~5-10 pG
e Gas cooling down to 103 K

e Star formation above gas density nh=100 H.cm-3 with 2% efficiency

. 10‘28 ey SN feedback with esn=104° erg/Msun and 10% in Ecr

t = 252.0 Myr AT e 10 pc spatial resolution and mass resolution of 103 Msun

=> Play around with CR diffusion and streaming

k=3 x10%8 cm? s k=3 x 10% cm? s~
t = 252.0 Myr 3 kpc : t = 252.0 Myr 3 kpc

density velocity pressure

10 Dashyan & YD 20
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SN-seeded CRs and large-scale galactic winds

(a) Density (cm™) (b) Vertical velocity (kms™) (c) Pcr + Py, (ergem™) (d) Pcr/Pu
S s | 1 . .
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SN-seeded CRs and large-scale galactic winds

CR
anisotropic (a) Density (cm™) (b) Vertical velocity (kms™") (c) Pcg + Py (erg cm™) (d) Pcr/Pun
diffusion —  w e— _ "
—-300 =150 0 150 300 10— 10aasllfia < 10— ’ : —
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Esn=10%1 erg
goes into Ecr
k= 3 X 102NEm"s | k=3 x 1027 cm?s~! e
t = 250.6 Myr 3 kpc BLES 250.6 Myr 3kpe 250.6 Myr 3 kpc
¢ = 1" X 1USREN:S
More CR . 2 koc : " Biloc 250.4 Myr B koc
. ) y 3 kpc
diffusion (x)

k=38x10%8 cm?s! ¢ =3x10%% cm?s~!
t = 250.5 Myr 3 kpc ‘ ‘ = 250.5 Myr 3 kpc

k=1x10% cm?s!

v t = 250.6 Myr 3 kpc

Dashyan & YD 20



Large-scale winds much stronger with CRs
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Star formation rate reduced by CRs
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CRs and ISM gas distribution

Idealised ISM box with forced turbulence

Low diffusion

High diffusion _
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See also YD+19, Simpson+23, Sampson+26
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Wind thermodynamics depends on CRs

T b5 1 08.n0oC

T [K]

G8 @2 kpc

Outflow rate [Me/yr]

T | | T ]
—%— Allthegas =% 10*<T<10°K 5

== T<10*K =% T=10°K

—_—

See also Girichidis+18; Buck+20;

Outflow rate [Mg/yr]

more massive galaxy
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Rodriguez Montero...YD+24; De Filippis+24; Thomas+24
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Diffusion plays a key role in CR ability to drive winds
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CRs in galaxies evolving in a cosmological context

HD
M, = 3.66 x 10'° M,
log 215 SELE2 VCR VnoCR
=X €sC €sC
:’ (’v : “ N 1 1 1 1 | 1 1 : 1 1 | 1 1 :| : | 1 1 1 1 |
v / - . )
- —— HD : —— MHD :&— CRMHD

Mesc(HD) = 001 M@/yr

Moo (MHD) = 0:14 M, /yr
M. (CRMHD) = 0.38 M, /yr

log (p/g c"m_g) ¢ -
i I

MHD :
M, = 3.04 x 101° Mg
log ¥1 .5 = 10.00,

N

(z) =3.94
ot = 0.472 Gyr

log (p/g cm_") ) - o ¥
—25.0 D / - Mee(HD) = 0.18 Mg /yr
[ Mesc(MHD) = 009 M@/yr

Moo (GCRMHD) =10.74 M, /yr

CRMHD
M,=1.21 x 101° M, 1
IOg El') = 988 " . =

, E (2) = 2.46 ; ¥ ]
o8 (p/gcn ) TR YR yieCR
—25.0 - 227 ] ] ] ] | ] ] ] ] | eISCI ] |eS|C ] ] ] ] |
0 100 200 300 400
v, [km/s

Rodriguez Montero...YD+24



19

Diffusion reduces the effective CR losses ;
CR.loss X n
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CRs and the epoch of reionisation

= Sphinx-SN = Sphinx-CR
— 28 2
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CR-driven large-scale galactic winds
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What about CR streaming?
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What about CR streaming?

MHD, streaming with u = fua
(either streaming or diffusion)

10°F

=
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ecr lerg g ! ]

mass loading

—104%0

-50 0
y (kpc) y (kpc)

Streaming can play a significant role if value
is boosted compared to Alfvén speed

Spatial resolution is 200 pc

_ 0 100 200 300 400 500
Ruszkowski+17 Time [Myr]



What about CR streaming?

MHD, streaming with uy, = f i,
(either streaming or diffusion)

10! Spatial resolution is 10 pc 107
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10! 102
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Even if boosted streaming is inefficient UA jon = 3 > Up
at wind launching compared to diffusion V #Pion

Requires to know accurately the ion
fraction in the CNM



z [kpc]

z [kpc]

Alfvén-wave heating important for CGM re-heating
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No CRs

Isotropic Diffusion

Anisotropic Diffusion

Streaming
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Beyond assuming constant diffusion coefficient

Suppression of diffusion around CR sources (SNe)

no CR
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Beyond assuming constant diffusion coefficient

Self-confinement scenario with various damping processes

I 4
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Beyond assuming constant diffusion coefficient

Armillotta+24 Self-confinement scenario with various damping processes
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Beyond assuming constant diffusion coefficient

Testing a vast range of models
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Beyond assuming constant diffusion coefficient
Testing a vast range of models

standard ET produces too hlgh effectlve dlffusmn Extrinsic Turbulence models

34 T T T T TR _3.5 — | B By -
m111 v ‘\ II l‘ I ] m121 - - I ST 7
. ] o - - - — - ————— =fey' = En =D = En S e S . . _
33 \ ] - 33k - -] i _aeenmm @__
1 | ] C ,r-’ ] L e e
1 ] - r ./ ] _ et p—— -"_._u,.- ]
_— 32 L ] 32 r ’\//\V/ E 4.0 _ e J
T 1 | ] [ = 7 ] : B / g
» 31 ' = 31 = -] 5 : i
e ] C =] = s A
—— : S 1 & -45 - |
,/““'—‘ ] C . * ] ~ L — b v -
A _:. . . - _: ~ B - .: 4 -1
] C ] = . . . ——
] r ~ F e = /T
E 28F —— Alfyén-C00 4 % OO0 | —-l ‘
........ F LeasiTE -Alfvén-Max ] o) ] - .
wE e 3 27k .. e —~% Fast-YL04 3 —
................ £ on00000C Fast-Max ] C Ifeu St {fven-COO ]
o isoRal —55 fvén-Max —
r — == Fast-YL04 ]
Fast-Max
YL R Iso-K41
—6.0=
"""" '—'i P T T T N R T | IR T T T AN SR TR TR T NN NN N

g : 1 e : —30 -25 20 -15 —10
‘ y log(zcentral) [g Cm_s]

PR
.

. e

N .

snnn? e

.....

Self-Confinement models

=< / ]
ey
= SC:Default ]
—- fQur-6
- . fQLT'6/ v;(“lea]

.
......

_3.5 . I T T T T I T T I T T T T I T T T T I T T T
Calorlmetrlc

log| Keft / cm?s™ ! ]

g e e B e i frasrkd1 "
..... as = 50
27 fm?‘l: 500 .
e : 10 B
rikpcl 0 e P i | r [kpc] ~
< Y T o " 1 - ] \
standaroc diffusion B
= 80
(con ,_ ase) g -
_55F" Iil i — SC:Default
X i ,:' — fQLT'6 ot A
- II f—— fcas -_— 50
—60F Jeas = .
| I‘Illllllllllllllllr-

I —2.5 -2.0 —-1.5 —-1.0
log(zcentral) [g Cm_3]

Hopkins+21

|
w
ot

SMC! K9 = 300
y  mmmes Kion—neutral

b
<
{

I L I I LI

i T T TR et W (NN T SRNE TR SN NN ST TR N SO N ST TN T S N SN NN

—-3.0 —-2.5 —2.0 —-1.5 —1.0
1Og(zcentral) [g Cm_3]




The least resolved phase (CNM)
dominates the y-ray signal.

Hence the significant differences
amongst simulations?

. P17: Pfrommer+17 (Arepo w/ smooth ISM)
W21: Werhahn+21 (Arepo w/ smooth ISM)
C19: Chan+19 (FIRE2 physics ~to here)
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Beyond assuming 1GeV-only particles

log CR energy density (eV cm—3)
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Beyond assuming 1GeV-only particles
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Energy Density (dec;/dIn(T)) [eVem ™3]

Beyond assuming 1GeV-only particles
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The MCR method

Developed by Nimatou Seydi Diallo (final year PhD student IAP) in RAMSES

Currently looking for a PostDoc position!
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MCR method: discretisation in momentum
fA
ﬁ—3/z_

bini -1 bin i bini +1

qi-1
* Assume piece-wise power law CR distribution o

function \\\\i\\\\
—q;

p ﬁ+1/2— qi+1
fp) = frr g
Pi-12

* Decompose in equally log-spaced bins of p

Pi-3/2 Pi1 Pi-1/2 pi Pi+1/2 Pi+1 Pi+3/2 p

See Jones+99; Miniati 01; Girichidis+20; Hopkins+23



MCR method: discretisation in momentum
fA
ﬁ—3/2_

bini -1 bin i bini +1

qi-1
* Assume piece-wise power law CR distribution o

function \\\\i\\\\
—q;

p ﬁ+1/2— qi+1
fp) = frr g
Pi-12

* Decompose in equally log-spaced bins of p

* CR number density: 1 1 . .

Piv112 ) Pi-3r2 Pi1 Pi-1/2 pi Pi+12 Ppi+1 Pi+3/2 p
n; = 4%{ p” f(p)dp

Pi-12

* CR energy densityl:p
i+1/2
e; = 4%J p* T(p)f(p)dp

Pi-12

Evolution of (f,_;/»,g;) <=>| Evolution of (¢, n;)

T(p) = \/p2c2 — m?*c* — mc?

m ~ 1 GeV for protons L o .
See Jones+99; Miniati 01; Girichidis+20; Hopkins+23
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MCR method: basic equationson |-

Jx,p, u, 1)

General focused CR transport equation (Skilling 717)
1 .
Eth‘F,U«,Bb‘Vf_fV'ﬂu

-1_3IJ/2 A A l_uz “B'a af
bb : V — V. —
i A A A 26’3 1_ 28
Bc? 2
Claf
¢ 3t leoll

dp

random walk along B field

Pitch-angle scattering

1.00 1
0.75 1

0.501 |

0.25 1

3 0.00+

-0.2511}

—o.50 {1, M

—0.75 _ 0

-1.00{ ™

0 2 '
Merten & Aedker 25 t[s]

z[10°m]

0.6

0.4 1

0.2

0.0+

—-0.24

~0.4-

—-0.6 -

>

u=cos@=5p.b
is the CR particle pitch angle

Diffusion in space

10



MCR method: basic equations on
JCx, p, s 1)

u = p.bis the CR particle pitch angle
General focused CR transport equation (Skilling 717)

1 )
1 —3Aup .. 1 —|up ;|l3-a 9
n Mob:vg)— —Hv.g — ]p /

2 Bc? ap
Quasi-linear theory (Schlickeiser 89)

D P 2b-al 1l —p2af
By b+l g — b v ) -
BY 47 B~ b VB ﬁcz] > Y (5,2, )
- Y ot lsc oL o op
{5l Al (L)
c 0t lcoll p2 3p P upa,u ppap
We don’t like i, so let’s take the
+1 " fp, s 1) = fox, p, D) + 3ufy(x, p, 1) |
[ [...1dp | |
—1 0y = - - 1 o, ,
——+ V. (ify) + V. (vbf) = = — [p°L(p)fy] +Jo
[ ot p~ op
| »afl+V uf)+vv(fy)=—-1|D, f,+D % + j
1 ot (Uf) + vV (o) = w1 P o J1
[... ludu
~1




MCR method: basic equations on
J,p,ps 1)
1 =5 .bis the CR particle pitch angle

gas velocity
CR part. velocity CR injection
Equation evolving the isotropic part of f: — + V. ufy) + vV / (bel) = —— [pZL(p)fO +JO
P’ 819 o
| | | | _ I | .
Equation evolving the anisotropic part of f: —— _|_ V (ufl) + VV(fO) — fl + D g + 5
radiative losses  streaming losses Hemene :
} } 0 |
L(p)=L,+pD:Vu+D, f1 Eor I Alfvén speed
4 fo fOT op
adiabatic change  Fermi Il acceleration diffusion streaming losses
| ! .
. by, _ Py, _ _ pu; _
Dﬂﬂ_V’DﬂP_)( v v, o v Vs Dpp =X V2 v
streaming transport Fermi |l acceleration

Scattering rate



MCR method: basic equations on
f(x, p, u, 1) >Turning them into (7;, F')

U=p .b is the CR particle pitch angle

o

ot

"Pix1/2
[...1X p*dp
“Di-112
aﬁ) ~ /= — g 1 0 7 . Pi+112 X
—+ V. (ufy) + V.(vbf) = —— [p L(p)fo] + Jo » evol. forn, = 4z P~ fo(p)dp
at p2 ap Pi-112
— B afo ‘ i Piv112 X
— + V.@uf) +vV(y = — D,Ll,bl][i + D”pa_ + Ji »evol. for FI' = 4r p-vfi(p)dp
P Pi-112

"Piv1/2

[...]szvdp

Pi-112



MCR method: basic equations on
f(x, p, u, 1) >Turning them into (e;, F;)

U=p .b is the CR particle pitch angle

"Pi+12 ,
[... I X T(p)p-dp
“Pi-1n2
f(-) 1 a ) . B Pi+112 5
RGN v (ify) + V. (bel) - [ L(p)fo] + Jo » evol. fore; = 4r T(p)p~fo(p)dp
at p ap Pi-112
fl _ fO . Pi+112 5
E +V. (“fl) + Vv(f()) fl _|_D — 1 +/ » evol. for F = 4z T(p)p-vfi(p)dp
Pi-112
"Pi+1/2

[...1X T(p)p*vdp

Pi-112

T(p) = \/pc — m?*c* — mc?



Spectral method: basic equations on n,, F/', ¢;, I’

What we really track in the code

After a bit of algebra + assumptions*

on. N — — ,
L4V . Gin) + V. F" = [4zpPL(p)fi| " +
ot Pi-112 ’
+bb. V=) =- F' ——iin,
v2 ot 3 3Kl 3

-

ot i—1/2

-
-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

*Drop the smaller terms (V2

evaluate ; and {V Wf()[ ... ]dp

aei -  Te _ ) Piv12 2 4
— + V.(ile)+ V. F¢ = |4np L(p)T(p)fo]p —4x PVL(PYfodp + 5, .-

ii, = i,sign(b. Ve)

, assume P1 (u) ~ 0, use Dirac delta function 6(p — p;) to



Link with the grey method: basic equations on ¢;, F;

Diy — . = . = 4
[ Pre=0 p=43 4
no need to follow n
l]
Pi+12
—44 p>vL(p)fydp

Pi-1/2
()el- - —_— — — l/_tA — 4 _ )
— + V. (ue) + V. Fi==-PV.u——— | Fi——iipe;| + Zp,q+J;
ot 3k 3 This is the two-moment
1 0F¢ = — /e 1 [— 4 R tion (R hl,YD+2
LoFy o (%) - _ Fe_2ae CR equation (Rosdanhl, 5)
v2 Ot 3 3¢ 3




Link with the grey method: basic equations on ¢;, F;

[...]Pm2 =0 yl.=4/3 qi=4

Pi-112

] no need to follow n
l

Pi+112
—44 p*VL(p)fydp

Pi-1/2

aei — — — — I/_tA — 4 _ .
t—+ V. (ue)+ V. Fi==-PV . u—— |Fi——iiye;| + ZLq +

ot 3k} 3 This is the two-moment

1 0F¢ = — /(e 1 [— 4 CR equation (Rosdahl,YD+25

— +b.V([2L) == Fe—ie, g ( )

v2 Ot 3¢ 3

1 OF¢ -

? Y — 0 (flux-limited diffusion) anisotropic diffusion streaming loss injection

This is Dubois+16,19 9 | 3 I I | L |

advection+streaming pressure work radiative loss



MCR method: basic equations on
JCx, p, s 1)

It’s the CR two-moment method repeated for: = 1,...,N bins of p

071- —
l . - . . 4 2L pl+1/2
ot : l l P (p)f()] Di- 1/2:+JOl
1 0F" - _(n 1 [—= g
+bb. V| — ) =-— F——ii,n,
v2 ot 3 3k! 3

0 pEEEEEsEEEEEEEEEE Pivin r
— V.(ie)+ V. F¢= [4np2L(p)T(p)J%]p’+z - 47IJ pVL(p)fydpr+j§,
Pi- |




An;_yp = J Axp? L1 ) (Pi_yp)dt

The spectral step

A
n.
: f bini -1

_ [47rp2L(p)ﬁ)] Piv112

Pi-112

+At

t

J‘Pi—uz dp
Pini L(p)

t+At
J dr = At
1

pini
— An_yp = J 4zp*f(p)dp

Pi-1/2

. . Pi-312
Manifestly conservative for n;

Chose At wisely (Courant-like condition)
Boundary conditions at the edge of the p-domain...

Same story for Ae;_,,?

Pi-12

t=to

bin i

Pinit,i

Girichidis+20

pi+1/2

bini +1

>

Pinit,i+1

Pi+3/2 p



The spectral step

5 N t=to Girichidis+20
n, Pi+112 f . .. . s
—' = 4xp2L " bini-1 bin i bini +1
ot [ p (p)ﬁ)] Pi-112 o
LP nl(t + At) — nl(t) + Ani+1/2 — Ani_l/z
+At
— 2
An;_yp = J 4P pLApi_1 ) (Piz12)d1
t
Pi—112 1+At
—I d—p = J dr = At
Dini L(p) t
Pini
— An_yp = J 4zp* f(p)dp
Pi-112 >
_ _ Pi-3/2 Pi-122 Pinit,i Pi+1/2 Pinit,i+1 Pi+3/2 p
e Manifestly conservative for n,
J‘pi+l/2 [ o ]dp

e Chose At wisely (Courant-like condition) G — _ P
* Boundary conditions at the edge of the p-domain... /_ B e?)

Same story for Ae;_,,?

(1 + O.SQAt)el(t) + AeH_l/z - Aei_l/z
1 —0.5% At

Pi+112
— { 471'p2VL(p)dep et + Ar) =

Pi-112

i [4zp>L(p)T(P)fy|"!
ot Plo Di-1

new non-conservative term!



Test: free cooling

1020 - fini X p‘4-5 —— t=0 Myr
o —— t=1Myr
* Coulomb/ionisation losses 10® A —— t=10 Myr
dominant below 1 GeV 106 —— t=100 Myr
5 — ——- t=100 Myr N.=15
Lr,Coul X p ﬁ‘ 104 - ---- Analytic
— should converge toward f(p) o constant S 10% 1
— all CR losses are returned to plasma 100 -
* Hadronic losses 101 *¥  Coulomb range I hadronic range ™
dominant above 1 GeV &y Yrays ™
1072 1071 10° 10! 102
Lr,hadr X p p [GeV/c]
— should conserve the initial slope of f(p) leo11
— 1/6th CR losses are returned to plasma 3.0 -
2.5 ——
— 2.0 P.(p = 1GeV/c)
c —e- Pp>1GeV/c)
> . — P
on, o 12 ;
l 2 Piv112 )] —— P
= |4zp“L.(p) 9, th
ot l P pfo]l?i—l/z & 1.0 ——
aei 2 Piv112 Piiz 2 0.5
1+ 5 4
i [4zp*L(p)T(p)fy] T 44 pvL(p)fodp
- Pi-112 0.0 -

Lr = Lr,Coul + Lr,hadr



Test: steady-state with cooling + injection
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Test: 1D diffusion
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Test: 2D anisotropic diffusion
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Test: Shock tube with streaming
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Supernova Remnant with RAMSES-MCR
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Supernova Remnant with RAMSES-MCR
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G8 with RAMSES-MCR
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Preliminary results
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Conclusions/Perspectives

CRMHD sims: CRs are important for galaxy feedback. They agree at a
qualitative level. At a quantitive level: jury is still out — Depends on diffusion.

CR transport is multi-scale: resolve ISM phases — better than 100pc res.
CR transport is energy-dependent: multi-group methods - RAMSES-MCR

RAMSES-MCR can be extended to multiple CR species (heavier nuclei, electrons,
positrons)

= Just need to change the mass of the particle and loss rates

= \\e tested synchrotron losses for CR electrons

w{ CR e \4 — t=0yr
Galactic Winds SynChrOtron |OSS€S —=—=theoretical solution
1072 1

= How does it affect large-scale wind properties? synchrotron spike |
=) Test various scaling of k: SC, ET... ] 5\\ '

Supernova remnants
= shell dynamics modified? SN U S

|\
)\
B

10—14

=) x-ray, y-ray emission? e
Interstellar medium

= Diffuse re-acceleration by supersonic turbulence

= \eV CR-driven ionisation losses

= \eV production in stellar winds, jets, accretion shocks



