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• Cyclotron Resonant Scattering Feature (CRSF) 

•  Variability of the cyclotron line energy Ecyc 

• CRSF sources observed by INTEGRAL 

• „New“ CRSF sources (after Review of Staubert et al. 2019) 

• A few comments  

• The future of CRSF research 

Outline
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Accreting binary X-ray pulsar  
with Roche-lobe overflow
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Discovery of the first Cyclotron Line

   MPE /AIT 
    Balloon-HEXE observation 
   Texas, 3 May 1976 
   (Trümper et al. 1977, 1978) 

   first direct measurement of 
   the field strength of a NS: 

    B ~ 3 x 1012 Gauß

ApJ 219 (1978) L105
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B12 = (1+z) Eobs / 11.6 keV

(z  gravitational redshift)

Cyclotron Resonant Scattering Feature (CRSF)

Ecyc = n he/mec * B 

     = n 11.6[keV] * B[Gauß]/1012
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(several lines possible)

for n =1 (fundamental):



Accretion Mound

drawing Biff Heindl

Cyclotron Resonant Scattering Feature (CRSF)

Continuum photons trying to 
escape from the hot mound 
are resonantly scattered by 
electrons at the cyclotron 
energy and are therefore 
missing in the observed 
spectrum

absorption line
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The cyclotron line Energy Ecyc varies with 

-  pulse phase 

-  luminosity            <—— a few words 

-  time (secular / random) 

-  35d phase

Variability of Ecyc 

List of Cyclotron line Sources 
see Review of Staubert et al. 2019:  Astron. & Astrophys. 2019, 622, A61
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V 0332+53 

Tsygankov et al. 2006, 

MNRAS 371, 19

Negative correlation of Ecyc with Lx

Ecyc drops  

by ~7% for a 
factor of 2 increase 
in Lx
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Positive correlation of Ecyc with Lx

Her X-1

Staubert et al. 2007, 
A&A 465, L25

Ecyc increases  

by ~7% for a 
factor of 2 increase 
in Lx

Ecyc [keV] = 40 + 0.66 (max. ASM cts/s - 6.8)
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Two accretion regimes

LX > Lcrit            Lx < Lcrit

Lcrit ~ few  1037 erg/s

observations: 

Staubert et al. 2007, A&A 465, L25 

Klochkov et al. 2011, A&A 532, 126 

theory: 

Becker et al. 2012, A&A 544, 123

height decreases  

for increasing Lx

height increases  

for increasing Lx
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Review: state of cyclotron line (CRSF) research
       (~ 40 years after the discovery of the first line in Her X-1)

List of 35 CRSF sources + 16 candidates
           (from a total of ~350 X-ray binary pulsars)

11 sources with multiple lines (7 with two, 3 with three, 1 with >3 lines)
  7 sources with a positive Ecyc/ Lx correlation
  2 sources with a negative Ecyc/ Lx correlation
  2 sources with a long-term variation of Ecyc
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Two points to make here:

1. What is INTEGRALs contribution to CRSF research?

2. What is the general progress in the last 5 years?
    (since the 2019 review by Staubert et al.)
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INTEGRAL and CRSF-sources
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——>
——>

——>

——>

——>
CRSF
detected
by
INTEGRAL

13
CRSF sources
observed
by INTEGRAL

——>



New CRSF-sources, after 2019 Review by Staubert et al. 
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• note:  
• Swift 0243.6+6124:  Ecyc= 120 … 146 keV, highest ever measured!  HXMT 
• Swift 1626.6-5156:  four CRSFs:  4.9 / 8.6 / 12.6 / 16.9  keV 
• GRO 2058+42:       three CRSFs:          10 / 20   / 30     keV 
• Swift 1808.4-1754:   two CRSFs:                21   / 37     keV 
• In 2 of 7 new sources: Ecyc has positive correlation with Lx 



Her X-1 (Staubert et al. 2020, A&A 642, A196)
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Ecyc decayed by ~10% between 
1996 and 2012 

(originally: Staubert et al. 2014, A&A 572, A119)

today: about one dozen objects

Ecyc increases by ~7% for  
a factor of 2 increase in Lx 

         (Staubert et al. 2007, A&A 465, L25)

today: two objects (Her X-1, Vela X-1



Progress (in the last 5 years - observationally)

7 new CRSF sources identified during the last 5 years
           (~ 1.4 / year, compared to 51 in 42 yrs = ~1.2 / year [2019]  )

several „non-confirmed“ CRSFs are now confirmed (some not) 
several „candidate“ CRSFs can be considered secured (e.g. 4U 1700+37, GX1+4, 4U1901+03)

new CRSFs positively correlated to Lx (GX 301-2, Swift 1626.6-5156, IGR 17407-2808, …)

CRSFs with positive and negative correlation with Lx (GX 301-2, Cep X-4, SMC X-2, A 0535+26, …)

1 „very high“ CRSF  finally discovered (Swift 0243.6+6124: Ecyc= 120 … 146 keV)

more sources with multiple CRSFs  (Swift 1626.6-5156 [4], GRO 2058+42 [3], Cen X-3 [2],
                                                                    Swift 1808.4-175 [2], …)
some sources with „randomly“ variable CRSF at same flux (e.g. SMC X-2, …)

more sources with  power law index correlated with Lx  

what else ?
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Recent theoretical progress
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Laudas, Kylafis, Trümper, 2024,  

A&A 689, A75

Analytical model to describe the dependence of 
Ecyc on Lx due to the increase of the height of the 
shock front above the neutron star surface 
because of increased accretion rate, including: 
-  change of B-field strength, 
- gravitational redshift and 
- relativistic boosting

Application to data of V 0332+53



The future of CRSF research

• More discoveries of new CRSF sources expected (rate: ~1 /year) 

•  Confirmation of more „uncertain“ lines (~20 candidates) 

• Discoveries of more harmonics 

• INTEGRAL will - unfortunately - not take part   

• ——>  need a new mission for high energy X-rays (2-200 keV) 

•
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Thank you for your attention
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