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Observations: starburst galaxy M82 (Hubble)

1.outof 100 S_tgfs is massive:
(> 8'solar masses) -

SN 2014J January 31, 2014

Only a few % of the
gas forms stars
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Observations: starburst galaxy M82 (Hubble)

»

SN 2014J January 31, 2014

e strong outflows with 7 = Mo utfiow / M, of a few

@ outflows in all chemical phases (ionized — molecular)

Philipp Girichidis (AIP Potsdam) CRs & galactic outflows September 5, 2018 3/18



CRs in the ISM

o CRs: Ecr ~ Emag ~ B S Eiin
(Ferriere 2001)

e inefficient cooling (contrast to gas)
different transport properties

@ couple to gas via magnetic fields

@ advection-diffusion approximation

o Galactic CRs generated in SN
remnants (DSA, Axford et al. 1977;
Krymskii 1977; Bell 1978; Blandford &
Ostriker1978; Malkov & OC Drury 2001,
Caprioli & Spitkovsky 2014)

o efficiency: 10% of SN energy

CR spectrum (Hu+ 2009)
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Setup for ISM simulations

1.5

10 e = Tooo viyr " 1 B
100

1H] 10

o stratified box (deAvillez+2004, 2005,
Kim & Ostriker+ 2013 - 2018,
Hennebelle & Iffrig 2015)

Mass per bin (M..)

10!

10

@ external potential (p., DM)

@ Magnetohydrodynamics

@ atomic, mol., metal cooling :

(follow H*, H, Hy, CT, CO)

(Glover et al. 2012, Walch et al. 2015) B e o
o shielding effects (Ay > 1) & :
o stellar feedback (SNe + CRs) o " .

. M,
® MW conditions: 10 I3, Zo (Clark et al. 2012, Wiinsch
—1.5

0.2 0.0 0.2 et al. 2018)
x (kpe)
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Combined MHD-CR equations (Girichidis+2016a)

based on MHD-Solver HLLR3 (Bouchut et al. 2007, 2010, Waagan et al. 2009, 2011)

dp
a—l—V'(pv)—O
o0pv BB
%ﬂLV' <ﬂVV47r>+thot=Pg
Oeio BB v
attt + V- |:(€t0t+pt0t)v_(4ﬂ->:| :pv.g—i—V-(K-Vecr)-i-ch
(??—VX(VXB):()
Oecr
T + V- (eqV) = —pV - -v+V - (K- Vey)

+ Qor

similar to Hanasz & Lesch 2003, Pfrommer et al. 2017
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Time evolution with and without CRS (Girichidis+ 2018a)

noCR  CR-medK CR-smlK CR-peak

z5 10 Myr -2
@ same SN rate

2.0 4 H H H
o left: no CRs s
@ middle: CRs 151 l I |

— medK: K| = 3 x 102 a2’
- smlK: K =1 x 10%® %

o right: CRs, SNe in peaks
assume SNe explode where
stars formed

@ data publicly available: “'"W

girichidis.com

1.0 i H H —4

(kpe)

log column density (g em™2)

https://S|Icc.mpa—garchlng.mpg.de o8 u:u u.‘z u.'u ufz u.‘u ufz u.‘u u.lz
z (kpc) = (kpc) = (kpc) = (kpc)
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Time evolution with and without CRS (Girichidis+ 2018a)

noCR CR-medK CR-smlK CR-peak

5 125 Myr
@ same SN rate
2.0 1 i
o left: no CRs 3
e middle: CRs f i
— medK: K = 3 x 10?8 o’ h*‘;q v
—smlK: K =1 X 10%8 % E 104 i | ,4§
@ right: CRs, SNe in peaks ’ ' Z
assume SNe explode where 3
stars formed 3
@ data publicly available: _
girichidis.com o s | We
https://silcc.mpa—garching.mpg.de -0 0t0 0:2 \010 0:2 010 012 010 012 e

x (kpc) x (kpc) x (kpc) x (kpc)
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@ ISM: Hanasz+ (2009), Simpson+ (2016),
Ruszkowsky+ (2017), Farber+ (2018)

e Galaxy (isotropic diff.): Booth+ (2013),
Salem+ (2014), Pakmor+ (2016), Jacob+ (2018)

e Galaxy (anisotropic diff.): Yang+ (2012),
Hanasz+ (2013), Pakmor+ (2016), Pfrommer+
(2017)
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Net force balance

DARRRALRE RLRRARRAR) RARLLEALE) RELRAALLE) RERRLLRRR RALLLARLL
noCR — gravity

— CR-medK - = neg. gravity

| — CR-smlK

CR-smlK-peakSN
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p~tdPcrin/dz (kms™' Myr™')
o
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0 0.5 1 1.5 2 2.5 3
z (kpe)
o thermal SNe: locally strong accelerations, temporal fluctuations
@ incl. CR: smoother forces, net outward pointing force

o for slow CR diffusion: net pressure gradient exceeds gravity
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Outflow strength and composition

@ CRs drive stronger outflows from the disk

o effective mass loading factors maesured at 2.5 kpc
N¢herm ~ 0.1 (Kim+2018), ¢y ~ 0.7 — 1.4 (Mao+2018)

noCR CR-smlK
108 — N — 10
107 1Tkpe < |2[ <25kpe | 197 1 kpe < |z| < 2.5 kpe
6 mass fI’&CtiOIIS 6 mass fractions 3
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o 10° H :67% - 10° H :63% - =
;’ 104 Hoy : 0% n 104 | Hs : 0% | 102 ~
~
3 3 =~
10 T>3x10°K: 22% - 10° | T>3x10°K: 3% M 10
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@ Thermal run produces more hot gas.
@ CR-driven outflows have same ionisation degree.
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CR pressure and Xcgr

100
CR pressure Xcr = 10
Ok pressure s i
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= 10
@ smooth energy CR distribution 3
&)
. . . <o
@ CR pressure dominates in the disk I
@ region above the disk: equipartition * o1
@ locally varying (cr no effect
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CR spectrum

CR-gas interaction

or;nain CR pressure
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@ start with Fokker-Planck equation

of

ot

:—u-Vf—i-V(/ﬁVf)le(V-u)p—
—_— ——— 3

of
Op

adiabatic process

1 0 af .
*wap[ (Z“Dpaﬂ+¢

sources

advection diffusion

other losses and Fermi Il acceleration

@ chose piecewise powerlaws for f

1) = fi (;)q

@ derive number density and energy density
Di+1 9 Pi+1 9
n; = / Arp”f(p)dp e = / 4rp”f(p)T (p) dp

@ see also Miniati 2001, Yang+ 2017
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Spectral grid
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chose logarithmic bins in p

compute spectrum in every cell

compute changes of n and e

reconstruct distribution function f, g

wT et et w9 standalone code
i coupled to FLASH (Fryxell+2000) and
10° Arepo (Springel 2010)

107 10t 10° 10* 10?
momentum
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SN with the full spectral code

@ turbulent box with tangled magnetic field
@ explode SN in the centre of the box

log T () log CR,100 MeV (erg cm™3) log £CR,10 Cev (erg cm™3)
4.0

24 3.2 4.8 5.6 —15.0 —13.5 —12.0 —10.5 —9.0 —15.0 —13.5 —12.0 —10.5 —-9.0

¥ (pe)

 (pe) x pe) x (po)
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SN with the full spectral code

@ turbulent box with tangled magnetic field
@ explode SN in the centre of the box

log T (K) log ecr,100 Mev (erg cm™*) log ecr,10 Gev (erg cm™3)
2.4 3.2 4.0 4.8 5.6 —15.0 —13.5 —12.0 —10.5 —9.0

—15.0 —13.5 —12.0 —10.5 —9.0

¥ (pe)
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Conclusions

@ CRs thicken the disk (influence on GMC formation, SN efficiency)
@ CRs alone can drive and sustain outflows (mass loading ~ 1)
© CRs create smooth and warm (T ~ 10* K) outflows

@ Spectrally resolved CR: more physics and better comparison to
observations
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