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Cosmic-Rays set the stage for star formation

lonization (primary + secondary)




the CR ionization rate (s)



What is the CR ionization rate { ?
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Indirect observations: credit: Marco Padovani
astrochemistry in interstellar clouds

Uncertainty:
-chemical models
-n

- observational




The idea

Lyman Limit

Electronic transitions (optical and UV)

Energy (eV)
10

b3%*,
Continuum  m(1s)+H(1s)
V=14

Rotational transitions: (v, dJ) =(v,d’) (mid-IR)

Gredel & Dalgarno 1995

Ro-vibrational transitions: (v, J) - (V’, J’) (near-IR)

Bialy 2020



The idea

CRs excite mainly:
v=1, J=0

and

v=1, J=2

giving rise to 4 transitions
with known line ratios

Line intensity ~ {

1

lut () = -8Nn, Cexu (cr) X ()1 Eu
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CR excitation
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Unique Emission patterns
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CR excitation UV excitation
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Observations




Observing CR-excited H2 - from the ground

Atmosphere is too noisy

No detection

Upper limits on { =2 x 1016 s
MMT 6.5m Arizona



Observing CR-excited H2 with JWST




Observing CR-excited H2 with JWST

A




Observing CR-excited H2 with JWST




Observing CR-excited H2 with JWST |

Barnard 68

8 hour program

JWST Proposal 5064 (Created: Thursday, February 29, 2024 at 7:01:35 PM Eastern Standard Time) - Overview

5064 - Constraining Cosmic Rays with H2 Ro-Vibrational Excitation in Dense¢

Clouds

Cycle: 3, Proposal Category: GO
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line (rg cm™2 sr's7)

First detection of CR-excited H,
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First detection of CR-excited H,
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M Check for updates

Stars and planets form within cold, dark molecular clouds. Inthese dense

regions, where starlight cannot penetrate, cosmic rays (CRs) are the

dominant source of ionization—driving interstellar chemistry, setting the

gas temperature and enabling coupling to magnetic fields. Together, these

effects regulate the collapse of clouds and the onset of star formation.

Despite thisimportance, the CRionizationrate, {, has never been measured

directly. Instead, this fundamental parameter has been loosely inferred

fromindirect chemical tracers and uncertain assumptions, limiting

our understanding of star formation physics. Here we report the direct

detection of CR-excited vibrational H, emission, using James Webb Space

Telescope observations of the starless core Barnard 68 (B68). The observed B.Ial et al (202 6)
emission pattern matches theoretical predictions for CR excitation y *




First direct observation of CR attenuation

— Z
Offsets relative to (RA, Dec) = (260.66257,—23.83298)

log1g (Zn,/s71)

Neufeld et al (2026)
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l0g1g (Nsfcm—2)
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First detect

ion of CR-excited H,
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Constraints on Cosmic-Ray Attenuation
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Abstract

‘We present James Webb Space Telescope (JWST) NIRSpec observations of the starless dark cloud Barnard 68 (B68)
that reveal the spatially resolved signature of cosmic-ray-excited molecular hydrogen (CRXH>) emissions for the first
time. Following up on our initial detection of CRXH, emissions from B68, we now exploit JWST’s sensitivity and
spatial multiplexing to map CRXH, rovibrational lines across 16 sight lines through the cloud. By disentangling the
CRXH, and UV-pumped H, components, we isolate the para-H,-dominated spectrum attributable to cosmic-ray (CR)
excitation. We find that there are significant spatial variations in the ratio of the CRXH, line intensity to the line-of-sight
H, column density; these cannot be accounted for by dust extinction alone and demonstrate a clear attenuation of the CR
flux with increasing shielding column. Modeling B68 as a Bonnor-Ebert sphere, we constrain both the unshielded CR
ionization rate, Cy; , and how it decreases with shielding column. At a reference depth of N(H,) = 3 x 10 em ™2, we
infer ¢ 1.4 x 10716 57", a factor of ~3 higher than the average value derived from Hi absorption studies. These
results provide the most direct probe to date of CR penetration into cold, dense gas, offering new constraints on both the
microphysics of CR-H, interactions and the attenuation of low-energy CRs in molecular clouds. Our findings establish
CRXH, emission as a powerful new diagnostic of the CR environment in interstellar space.

Unified Astronomy Thesaurus concepts: Cosmic rays (329); Molecular clouds (1072); Interstellar medium (847);
Dark interstellar clouds (352); Infrared spectroscopy (2285); Interstellar line emission (844)

Materials only available in the online version of record: figure set

JWST Observations of Cosmic-Ray-excited H; in Barnard 68: Spatial Variations a
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The Future with Webb
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The Taurus CR-H; survey
(this proposal)

NEW!

30’ (~1 pc)

The Taurus survey
48 hour program
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Observations have arrived!

Herschel (Andre et al. 2010)

B211

JWST Proposal 8961 (Created: Friday, February 13, 2026, 9:00:13AM Eastern Standard Time) - Overview

8961 - Probing the cosmic ray ionization rate with H2 rovibrational line emission -

the Taurus survey
Cycle: 4, Proposal Category: GO

INVESTIGATORS
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