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What are cosmic rays?

Relativistic particles with a wide
range of energies, species

Believed to be accelerated in
supernova shocks (~ 10% of Egy)

Above 1 GeV, d®(E)/dE ocE~7
i.e. DF f(p) ccp? withy =4.7

Direct measurement below 1 GeV
is modulated by Solar wind

— Low-energy CR spectrum inferred from
gamma-ray spectrum, chemical
modeling = dominated by E~ GeV
(Neronov et al 2017, Indriolo et al 2026)

— Consistent with Voyager obs. (Padovani
2024)
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Why are CRs interesting?

 Theoretically rich subject, great physics

 Definitely important for ISM heating, ionization,
chemistry in atomic & molecular gas shielded to
EUV (majority of ISM)

* May be important for driving warm winds out
of galaxies, supporting CGM

* A wide variety of CR-related observables want
interpretation

* New technical challenge in computational ISM
and CGM modeling, following implementation
of radiation

7/13/2026 3
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Dominant heating in diffuse gas at low Z; where PE heating from
7/13/2026 stellar FUV is reduced; dominant ionization in diffuse gas 4
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Dominant heating in dense, high-column gas where stellar FUV is
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attenuated; dominant ionization in dense gas
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* Order-unity mass-loading for MW-like galaxies; even higher for dwarfs!
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Why are CRs interesting?

 Theoretically rich subject, great physics

 Definitely important for ISM heating, ionization,
chemistry in atomic & molecular gas shielded to
EUV (majority of ISM)

* May be important for driving warm winds out
of galaxies, supporting CGM

* A wide variety of CR-related observables want
interpretation

* New technical challenge in computational ISM
and CGM modeling, following implementation
of radiation
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Advective transport

* Empirically, from equating CR injection
energy/area/time from SNe with CR flux carried out of
galaxy, dominated by GeV CRs, v .4~25 km/s,
comparable to dynamical velocities in ISM

* This value is also consistent with empirical estimates of
v. and CR lifetime in disk 7 at ~ 1GeV, based on CR
abundances

— total column of gas traversed (grammage), residence time of CRs
can be inferred from empirical ratios of secondary/primary
species and short-lived /long-lived isotopes

7/13/2026 9



CR grammage

* From ratio of CR secondaries 73 produced in spallation
reactions to CR primaries 7., infer grammage Xo< 115 /11

of ISM traversed: f Jrof ( )
/i <ZPCcr\P
(p) </Iife PUp > <pva>Iife ‘p Fcr,inj(p)
 With Fcr,inj (P) — 2Fcr,0ut(p)
= (8/3)vett (p)Ecr (D)
= SUeff (p)Pcr(p)

have X(p) = (3/8)(vp/verr (D)) Xgas
* Resulting in veg(p) = (3/8)cXgas/ X (p)
« At1GeV, measured X~10 g/cm?; using X
= V(1 GeV/c) ~28 km/s

gasN 12 M@/pC2

10



km/s

Fcrinj = 0.1EsyYsrr/ms« & 2FCcR,out = 2 X ’Ueff(4/3)5OR
with Egy = 10°terg, m, = 100Mo; Xsrr = 0.003M kpc_2 yr ! Ecr = 1leV cm ™3

T = Hgas Vet ~ 250pc/(25pc/Myr) ~ 10Myr

7/13/2026



Advective-only transport?

* Empirically, from equating CR injection
energy/area/time from SNe with CR flux carried out of
galaxy, dominated by GeV CRs, v .4~25 km/s,
comparable to dynamical velocities in ISM

* This value is also consistent with empirical estimates of
v and CR lifetime in disk 7 at ~ 1GeV

— total column of gas traversed (grammage), residence time of CRs
can be inferred from empirical ratios of secondary/primary
species and short-lived /long-lived isotopes

* However, transport cannot be purely advective, based on
empirical enerqy dependence of grammage and residence
time:

— Ratios are energy-dependent, implying vei =Fq i /4P 18
energy-dependent

7/13/2026 12
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From Aguilar et al (2016,2018)

* Energy dependence of grammage = energy-dependent
CR transport vesr(p) =

* From empirical measurement of X(p),
for 6~0.3-0.5

7/13/2026
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Diffusive-only transport?
* For pure diffusion,
For(p) = —£(P)VFer(p) = £(p)Per(P)/Hex (P)

= Veft(p) = £(p)/[4Hc ()]
 If H_ is constant, independent of p,
K(p) X vy (p) x 1/ X(p) xp® for §~0.3-0.5

 In the ,wave

amplitudes and scattering rate are set by balancing
growth of streaming instability with damping

* Assuming nonlinear Landau damping in ionized
gas, K(p) o [1q,(p)] /2 o< pO
much too steep compared to empirical constraint

7/13/2026 14



Consequences of transport for ISM

* Understanding CR transport is interesting in itself, but also
necessary to understand dynamical effects of CRs:

— EG, for diffusion-only models, lower k reduces the diffusion velocity

vgie ~ K/ H and increases the midplane CR pressure P ~F iy H/ Kk

Avg Diffusion velocity in disk [ km/s ]

100}

10}

l ”]l_628 I — Ii629
CR Diffusion Kappa [cm™2/s]

* Strong CR-gas coupling (low, constant k)
suppresses star formation while
increasing galactic outflows

7/13/2026

Salem & Bryan (2013)
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Why are CRs interesting?

 Theoretically rich subject, great physics

 Definitely important for ISM heating, ionization,
chemistry in atomic & molecular gas shielded to
EUV (majority of ISM)

* May be important for driving warm winds out
of galaxies, supporting CGM

* A wide variety of CR-related observables want
interpretation

* New technical challenge in computational ISM
and CGM modeling, following implementation
of radiation

7/13/2026 16



Star-forming ISM with TIGRESS*/TIGRESS-NCR/TIGRESS++

Team TIGRESS:

Key physics elements for studying the
multiphase, star-forming ISM, from GMC
scales to kpc-patch scales:

—magnetohydrodynamics
—gravity
—star formation/sink particles
—stellar feedback

* supernovae

* radiation (adaptive ray tracing)

* stellar winds

® COsSIMIC rays
—photochemistry (non-equilibrium)
—multiphase gas cooling and heating

Implementated in Athena/Athena++

—_

* Three-phase ISM in Galaxies Resolving Evolution with L. Armillotta, M. Gong, R. Hix,

Star formation and Stellar feedback C.-G. Kim, J.-G. Kim, L. Lancaster,
N. Linzer, S. Moon, E. Ostriker




1 kpc
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Model: R8 time=200
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* Three-phase ISM in Galaxies Resolving Evolution with
Star formation and Stellar feedback




CR-MHD simulations with TIGRESS++
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CR implementation for multiphase
ISM simulations

Armillotta, Ostriker, & Jiang (2021)

Two-moment CR evolution equations with reduced speed of light,
integrated via HLLE Riemann solver in Athena++ (Jiang & Oh 2018)
Oer

+ v ’ Fcr — _(V + Vst) * Otot ° [Fcr — V(Scr + Pcr)] — Acollnﬂgcr + QSN

ot
— (v + Vst) - VP + Qsn
l‘aF‘"""JrVP = [F (Ect + Per)] — A Fe /v
62 ot cr = —Otot cr ViCcr cr collHY cr 'Up

— —0 - [For — (v + Vet) (Eex + Per)] — AconnuFor /]

Scattering coefficient tensor g, = k! includes term to limit bulk

. . . — — VA, ion
velocity to v ;o, at high scattering rate: o, ; =o' + B A"VP |4P(,r
) cr

Equivalent tov — v + v,in [...], and 6,y — 0, where v =%*0, ;,,

and sign is chosen such that CRs stream down the gradient in P,

Scattering rate v, =c%g is set by balancing streaming instability
growth rate with physical damping rate from local ISM conditions:

self-confinement paradigm (Kulsrud & Pearce 1969; Wentzel 1969)



CR scattering under self-confinement
e Streaming instability growth rate for wave @ k=0,m/p;

- o
7w Q) . P,
st[e’ml(p]) — 4 0% (L—D — )Hle ny = 47|'p]_ / f(p)pdp X p: K
P

P\

Quasi-steady local drift velocity in Alfven wave frame:
Up — Vg — Fcr,||/(4pcr) — ’U” — VA — |B . VPcr|/(Pch||)
* Damping rates (ion-neutral and non-linear Landau):

v _ 1 namy ! Ve g 5B 2
damp.i 2 m, + m; (oV)in: Pdamp a1 = 0.3 Q E — 0.4’0@;‘60’”

* Resulting scattering rate coefficient a—(n /8)2(6B/B)?/c? :

U||.,i11 =

[ B-VP| Qo my(mn +m) 1 \/ 7 |B-VP.| Qoc mymn
T||,nll = —

-
8 vaiPe (00)in  Mamami oy 16 wva;iPe 0.3-2_.-'t_‘i-vg m; n;

Fits from simulations for GeV CRs (Hix et al 2025):

s P
O ~ 2.03 x 107812 <3 3 0) V2,

5
cm2 H (lz -2 nH(} T||,nl1 ™~ 1.96 x 10~ 28

Pc 3

, —1/4
— (Pens )~
cm H s

Dependence on CR

momentum: Xp B¥) ~ P'U OCp(3'V)/ 2~ p'0-85 2



CR spectral simulations

Linzer et al (2025); Armillotta, Ostriker, & Linzer (2025); Yu et al (2026)

Multi-group simulations of CR

protons and electrons from
~1-100 GeV

Injected spectrum f(p)xp¥in with
Vi

[onization at T<10*K is due to =
MeV CRs (scaled from GeV).
Ionization collisional at high
T(z10*K).

“Post-processing” from TIGRESS
snapshots: inject 10% of SN

energy as CRs and follow their
transport. Turn on MHD to relax

but no long-term evolution. 3

A

finj(p) x p~*3

pc [GeV]



CR scattering

ISM is a two-zone system from
point of view of CRs: diffusive
midplane (high « , low o)
sandwiched between stronger-
scattering extraplanar layers

k =1/ 0 large where i-n collisions
strongly damp waves

k =1/0 small when ion-neutral
drops below non-linear Landau

Transition at larger z for higher
energy

iU x [kpc] x [kpc]

1033 | ey =2 GV

b om— 5 =5GeVic I \
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p=101GeV/c
— 103
'
] 30L
5 10
<
107
1028
1027}

105 10-2
nylem™)

x [kpe] x [kpc] x [kpe] x [kpe] x [kpe]
34 T T .
10 —_— p=2 GeV/c
1033 — p=35 GeV/c
0 IN —— p—13 GeVic 1
p=36 GeV/e

p=101 GeV/c 3

1.0

15
Izl [kpc]

1 1 3
20 25 3.0

Yu, Armillotta, & Ostriker (2026)



Linzer et al (2025)
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Vertical structure and profiles

g (cm™%) T (K) p*c%j(p) (GeV em
10-3 10° 104 10° 107!
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Amillotta et al (2025)
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* CRpressure flat in midplane region, exponentially decreasing with
z above z ~ 0.5 -2 kpc

» Transition from flat to exponentially decreasing occurs where
7/13/202lynamical and diffusive velocities are comparable 26
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—2

Both energy-dependent
losses and reduction in
transport time at higher
energy steepen the CR
electron spectrum
compared to the
injected spectrum

7/13/2026
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CR proton and electron spectra

CR Energy [GeV]

Armillotta, Ostriker, & Linzer 2025
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» CRs experience spectral steepening due to energy-dependent diffusion

* For electrons, there are additional losses: ionization, bremsstrahlung,
synchrotron, inverse Compton

* Proton spectrum steepened to y=4.6, ~0.3 dex relative to input
spectrum y;,=4.3 , in agreement with observations (yps=4.7)

* CR electron spectrum also agrees with observations, with y=4.7 to 5.3

between 1 and 100 GeV (Linzer et al 2025)

7/13/2026
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Modeling relative importance of
advection and diffusion

Simplified 1D system (for each CR energy or momentum bin):
For V=v,+ vy, where vy, = -sign(dP../dz)v ion,, and k=1/0,

dFa _  dPu
dz v dz ¢
dP.,

o= —(1/k)(Fer — 4V Pey)

Midplane region: k large = P_~const, dF../dz=Q
Extraplanar region: Q=0, k~const, F,=4VP_, - kdP../dz =

d?P.. dP., dV
K sz —3V dz —4PCI«E — 0

V increasing with z from outtflowing warm fountain, hot wind

7/13/2026 + + I 29




Limits
d*P,, dP., dV

o — 4JF)cr____' —
K T 3V - 7 0

» Diffusion-only: V=0, d?P_./dz’=0 =
dP_./dz =const.; P_.=P 1-z/z

max)

midplane (

* Streaming+advection only: k=0 =
dinP_./dz =- (4/3)dInV /dz ;
— with v>v,, d(pv)/dz=0 =V « p1 = P_x p*/3
— withvkv,, v,xp1/?2=> Vo« pl/2= P« p?/?

7/13/2026 20



1D approximate solution

% %
 P_=exp(-z/H,),dV/dz=V/H,= & 4 =
p(-z/H,), dV/dz=V/ H, m T3 4 =0
3 16 x \'/? SH, for & < H,V
H. =-H, |1+ 1+ — . . 1/2
8 [ ( 9 HGV) He = {;( 5“) for k> H,V

 FEffective velocity: F, =4 v 4P ; vg=V+r/(4H,)

5,3(,,16 &\
8 8 9 H,V

 Measure V, H,,k in each CR momentum bin:
V~10-15 km/s; H, =V/(dV/dz )~0.5-1 kpc; k~3x10%(cp/GeV)??
since for streaming/NLL balance, k(p) «< | VP_(p) | /2 «cp(-3)/2

31

Ve = V

V for k < H,V
Veff — 1 1/2
— (ﬂ) for k > H,V

2\ H,

7/13/2026



1D approximate solution
* P.=exp(-z/H.),dV/dz=V/H,=

d?*P,, dP,., A% K %4 %4
Fnidzz — 3V dz —4P{3rE—O H2—|—3E—4E—O

* Solve quadratic for H:

1/2
H,=°H, [1+(1+16 " )

for k < H,V

He
He— 41 H\ Y2
2 (%) for k > H,V

 FEffective velocity: F,.=4 v 4P, ; v.g=V+r/(4H,)

5 3 16 k 1/2 %4 for s € H,V
— — —— Veff K 1/2
8 + 8 (1 + 0 HGV) - %(Fi) for k > H,V

* In simulation, measure V, H, ,k in each CR momentum bin:
V~10-15 km/s; H, =V/(dV/dz )~0.5-1 kpc; k~3x10%(cp/ GeV)"?

/

streaming/NLL balance: k(p) o | VP(p) | /2 ccp(r-3)/2
7/13/2026 32

| 0o

8 9 H,V

Vg = V
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Numerical and analytic comparison

34
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* Spectral steepening: Fiy =8 UegiP g = pm o< p9)/4py =
y=(4/3)yin - 1=4.7 theoretically; 4.6 measured in simulation

* Grammage: X(p)xX1/0.4(p) x p(vr-3)/4 ~ p-(l—yinj/ 3) ~ p04
Recall: Empirical Xocp® with §~0.3-0.5



* Averaging over the distribution,
f dpp2—’}’inj
J dpp®=7imi [veg (p)

Veff = y 23 km s~ !

km/s

7/13/2026
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Further applications

* Recovering correct energy-dependent transport
provides validation of the self-confinement
paradigm, with spatially variable k

*  Within this paradigm, how do CR properties
depend on SFR?

* What are the dynamical effects of the CRs on the
gas’?
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CR transport in varying galactic
environments

Armillotta et al (2022), Hix et al (2025)

* 4 Models to sample diverse

environments
— R2, R4, R8 - Galactic Disk Models
* Span >3 orders of magnitude in Zge

— R8 Arm - Solar Neighborhood with
Spiral Arm

* Many snapshots per environment

Table 1
Physical Parameters of the Model Environments Sampled in This Work

Model L, Ax Pom Estar Bgas ini tors (Zgas) (Bser) {mia) (Pmia/ks)  (Hgas)
(pc) (pc)  (Mgope ) (Mope D) (Mgpe D) (Myr)  (Mope D) (Mgkpe “yr')  (em ™) (Kem™  (kpe)

(€8] (2) (3 4) (5) (6) (7 (8) 9) (10) n (12)
R2 +1792 4 8.0 x 1072 450 150 61 T4 1.1 7.7 2.5 x 10° 0.35
R4 +1792 4 24 % 1072 208 50 110 30 0.13 1.4 4.1 % 10° 0.34
RS +3584 8 6.4 % 1072 42 12 220 11 51 %107 0.9 19 = 10* 0.33
10 42 % 107° 0.5 2.3 x 10° 0.43

R8 Arm 3141 12.3 6.4 x 1072 42 13 205




RE8 Arm Model - Full Box —

P/kg [Kicm?]

P/kg [Kicm?]

R4 Model
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Hix et al (2025)
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CR

7/13/2026

transport in varying environments

For single-energy (GeV) CRs, we have measured
Uetf =Finjer / (BP,) for different TIGRESS ISM and
star formation environments (Hix et al 2025). Find:

Ma
Vof = 21 + 3 km s~ * ( SER

0.2040.05
0.01 Mg pc—2 Myr—l)

(33)

and

(34)

N
104 K cm—?’) '

Uef—f:152|22km8_1(

Measurement of F,; .. /(8P is consistent with
measured value of v, + v, ,in transition region

Correction factor for spectrum between 1.4 (solar

neighborhood) and 1.2 (galactic center conditions)
39



“Equipartition” via mutual inheritance

* P.,and P,,,,are measured to be comparable in varying
environments
— consistent with usual assumption to obtain B from synchrotron

* P.pand Py are also comparable

* Not a causal relation, but a result of mutual inheritance:
P=Y; Zopr
* The individual feedback yields Y; are set by different
physical mechanisms:
— Py, from balance of radiative cooling (nA) with stellar FUV

heating (I'< XgrR) Ostriker et al (2010), Kim et al (2011)
— Pyypand Pp,, from balance of driving (SN momentum) with
dissipation Ostriker & Shetty (2011), Kim et al (2013, 2015)

— P from balance of energy injection (SNe) with dynamical
transportat V~v, + v, ,

ESFR —0.23+0.05 PDE 'ka 0.29£0.04
Y. = (284 £ 33)kms™! : Ye = (426 + 42) km s~ !
e=( ) kms ((),()I M, pc2 M}-'r—]) . i L 5

Hix et al (2025)



CR-MHD simulations with TIGRESS++

Ny T Vs oy Iv| [va,il Vel Per Prurb, 2 P Prmag
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C.-G. Kim, L. Armillotta, E. Ostriker et al (2026)



Pressure and SFR with TIGRESS++ CR-MHD
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Kim, Armillotta, Ostriker, et al (2026)

All component pressures comparable
in midplane

P.. uniform in neutral gas =
CR pressure forces are negligible

CR scale height >> gas scale height =

A P =0 = CRs do not contribute to

supporting disk =

A Pyipip = Py =W=lpg, dz =

Zsir=W/ (Vint Vi tY mag)s

unchanged from case without CRs
SER not affected by CRs
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Outflows with TIGRESS++ CR-MHD

mhd, time=358.8 Myr
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«  With/without CRs, star-forming ISM disk at |z | =< 500 pc very similar, in
terms of pressures, filling factors of phases, mass fractions in warm vs. cold

«  With CRs, galactic outflows are dominated by warm (T~10*K) volume-
filling gas, in contrast to hot+warm structure without CRs



Outflows with + With CRs, galactic
TIGRESS++ CR-MHD outflows are less ““bursty”’

— Mass flux - mostly in warm
gas - is increased

— Energy flux - mostly in hot
gas - is reduced

— Momentum flux increased in
warm and decreased in hot

ph=wc ph=hot
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e MHD flux
-==- CR flux
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Outflows with TIGRESS++ CR-MHD
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* At |z| 2 1kpc, momentum flux transfer is primarily hot — warm
gas, and similar with/without CRs
* GeV CRs transition from highly diffusive to dynamical at |z | ~1 kpc
«  Without CRs, little momentum flux transfer to warmat |z |z 1 kpc
[ ]

With CRs, significant momentum transfer from CRs to warm gas at
|z| Z 1 kpc, representing launch of CR-driven wind.



Cosmic ray self-confinement?

Donat G. Wentzel (1934 - 2013) Russell M. Kulsrud (1928 - 2025)

56 years later: Yes...AND!



Summary

In the self-confinement picture, the scattering rate coefficient of CRs with
R,=1/k, o0~ (6B(k)/B)*2/c* is set by balancing the CR streaming
instability growth rate with wave damping

0=1/k is small in neutral midplane gas (strong ion-neutral damping),
large in extraplanar gas (weaker nonlinear Landau damping)

High diffusion midplane = P~const.

CR transport in extraplanar region depends on both dynamical and
diffusive terms, depending on «/H, V= (x/ V) dIn(V)/dz

— AtE 2 GeV where k/H,V <1, resulting v.;—V=0v_t0,

— AtE = GeV where k/H,V £ 1, resulting v g —(1/2)(kdV /dz)'/?
Confinement is due to extraplanar gas: k =1/ o< p-9/2 ~ p08> increases
for higher-energy CRs = v x p’* , explaining CR grammage X o p4
For ~GeV CRs, dominating the energy density, v .4 — V=0v,+v, ~20-30 kim/s

_ Fe,in(p)/2 oy
. 4Uoﬁ(p) + (.S/Q)A(J(p)Nﬂr € .bFR .
SFR unchanged with CRs, due to high midplane diffusion

Midplane pressure F.(p)

Mass loading rate in warm gas increases with CRs
Dominant energy, momentum loading is in the CR fluid itself 4
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