
Section 2.2 below) and gravitational light bending, we can produce realistic X-ray spectra and
pulse pro�les (Falkner et al., submitted, see Fig. 2). Comparing these models to observations is
di� cult, due to the computational expense and intrinsically large number of free parameters, but not
impossible, and advances in computing power and analysis techniques (e.g., Markov Chain Monte
Carlo analyses or machine learning approaches) will make this a signi�cantly more feasible goal in
the coming decade. This goal must be pursued if we want to further our understanding the extreme
physical processes occurring in the NS environment, which cannot be duplicated on Earth.

2.2 Detailed Modeling of the Continuum from First Principles
The extreme physics of the �ow structure in the column makes modeling the continuum generated
by accretion onto the magnetic poles of NSs very di� cult. The radiation-dominated �ow model
(Arons et al., 1987; Davidson, 1973) has shown considerable promise in accounting for the radiation
properties of luminous accreting X-ray pulsars such as Her X-1. We already know that unlike the
Coulomb collisional stopping and collisionless shock models (e.g., Langer and Rappaport, 1982),
radiation-dominated �ow models can account for the general shape of the X-ray spectra at X-ray
luminosities near and above the “critical luminosity” (Wol� et al., 2016, see Fig. 2). The theoretical
spectra display exponential Compton cut-o� s in the high energy X-ray range (10–40 keV) just like
those observed, and power-law continua that can be understood as Compton upscattering of the
high energy photon distributions in the plasma. This theoretical spectrum shows agreement with the
observed spectrum over nearly 2 orders of magnitude in energy.

A critical assumption in the emerging theoretical development, and one that is almost certainly
incorrect, is that one type of �ow model, namely a radiation-dominated shock where electron
scattering is completely e� cient in stopping the plasma �ow near the NS surface, is applicable
in all sources, from the low luminosity steep-spectrum sources such as X Persei, to the high
luminosity �at spectrum sources such as LMC X-4 and Cen X-3. But how do accretion �ows onto
NSs transition from gas-dominated to radiation-dominated? This is not known. Perhaps as the
luminosity decreases, gas-mediated, thermal “sub-shocks” develop in the radiation-dominated �ows
in a manner suggested by (Becker and Kazanas, 2001) in their study of cosmic-ray acceleration in
super-driven shock waves. Another critical question for our understanding of the accretion �ow
structures is whether the emergent radiation comes out in a fan beam, in a pencil beam, or both?

Another aspect of the problem is the energy budget. This involves the details of the production
of the cyclotron, bremsstrahlung, and blackbody “seed photons,” and how these photons interact
with the gas to heat or cool the plasma, extract energy from the accretion column, and form the
broad continuum spectrum. In principle, the dynamics and the spectral formation must be treated
self-consistently, which is an extremely di� cult “grand challenge” level simulation. Initial steps in
this direction have been accomplished by West et al. (2017a,b), but these calculations were limited
to one spatial direction (radial), and are not time-dependent. In a fully self-consistent model, the
radiation regulates the structure of the �ows as it merges with the NS atmosphere.

3 Recent Observational Advances and Goals for the Coming Decade
3.1 The CRSF Energy-Luminosity Relationship
The �rst source with a clear correlation between the CRSF energy and the X-ray luminosity was
Her X-1 (Staubert et al., 2007). Since then, measurements of the energy-luminosity relationship
have been made for several other X-ray pulsars, thanks in large part to the the capabilities of
NuSTAR. As shown in the left panel of Fig. 3, the CRSF energy-luminosity relation is bimodal with
source luminosity (Becker et al., 2012). The two sources with negative CRSF energy-luminosity
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