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Galaxy Clusters: Temperature Discrepancy
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Crucial for Cluster Cosmology

1014
Vikhlinin+ 2009
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NuSTAR's Advantages

e Discrepancy worst at high kTs

e At low kTs, NuSTAR can make 1000
precise measurements

10"
e Exponential turnover stronger
e But emission fainter

e Galactic foreground absorption

—h
<
w

Effective Area (cm°)
Photon Flux (arb. units)

(often) negligible 100
e Background low and stable 10
* Unresolved lines have less impact .
on the continuum (below bandpass) kT=5 keV *, 10°8
\

e In-orbit verification of effective area

(Madsen+ 22) 1 10

Energy (keV)
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NuSTAR's Disadvantages %ﬁl

|
NuCros sARFI'i
|

e Large PSF (~1° HPD) Systematic uncertainty of . ':1
. . point source reconstruction r
e Fit spectra with cross-ARFs is 3.4% (Creech+ 2024) E

o Mitigates crosstalk but precision
lost Intrinsic Emission Scattered Emission

e Hard-to-model effects
e Scattered light (no pre-collimators)
e Stray light (open optical path)
e Mostly rare/avoidable

e | ow spectral resolution
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Global kT Measurements (Chandra vs. NuSTAR)

Wallbank+ 22
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Global kT Measurements (Chandra vs. NuSTAR)

18

16 -

14 A

12 A

KTyl keV]

_____ - ol Cluster Name kTc, (0.6—9) kTc kTN
KTn = kTc /’, keV keV keV
<4 Chandra fit between 0.6-9 keV |
| 2 Abell 2146 7.084+0.14 89+0.66  6.72+0.11
% Chandra fit between 3-10 keV ’ Abell 2163 16.36 + 0.70" 12.23+1.15 9.72+0.13
‘ ~ Abell 2256 7.81+0.15 7.38+0.41 6.43+0.085
Abell 523 530+0.36  7.15+£255  4.87=+0.12
Abell 665 8.66 £0.23 829+0.62 7.36+0.11
Abell 754 9.09+0.17 9.25+047 857+0.14
X 1E 0657-56 13.57+0.36 14.57+0.96 12.85+0.20
RX J1347.5-1145 14.71+0.46 15.80+1.09 12.57 £0.29
e For a Chandra kT of 10 keV,
the NuSTAR KT is
11% or 16% lower
Physically, NuSTAR should be
biased to higher kTs —> must be
il due to differences in calibration
) 4 é 8 10 lé 1h 16 18
kTclkeV] Wallbank+ 22
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Global kT Measurements (Chandra vs. NuSTAR)
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NuSTAR - Chandra Comparison

NuSTAR spec. with Chandra params (68" to 101") Chandra spec. with NuSTAR params (68" to 101")
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NuSTAR Stray Light CXB Measurement
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NuSTAR Stray nght CXB Measurement
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NuSTAR Stray nght CXB Measurement
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Cross-calibration with Relaxed Clusters

Dr. Cicely Potter
(Defended a week ago)

Fiona Lopez
(REU student, incoming NMSU grad)

kTo  AkTx To—Tx AkTy

Cluster (keV)  (keV) Tx (keV)

kT NuSTAR RXCJ1504 9.8+0.8 0.2 0.53 0.8

Cluster (keV) 2 Abell 3571 81+0.1 0.1 0.27 0.1

N STAR L Abell 2029 ] 5 0.077 CIUSter Abell 3558 7.44+0.3 0.1 0.35 0.2

u arge Snapshot Abell 1651 7.1+0.3 0.1 0.16 0.1
Abell 478 7.3 0.088 P N

Prog ram Abell 3391 6.6+0.2 0.1 0.19 0.2

(>100 ks each) Abell 1795 6.1  0.062 C Program apaii1650 64401 0.1 0.25 0.2

Abell 2199 4.4 0.030 (20 kS each) Abe:.:. 3158 6.04+0.1 0.1 0.18 0.1

Abell 3112 55+0.1 0.1 0.36 0.2

Abell 1644 53+0.1 0.2 0.15 0.2

Abell 496 52+0.1 0.1 0.18 0.2

Abell 3562 50403 01 0-19 0-1

Reanalysis of Chandra/XMM-
Newton data in exact same

regions

U . @ NuSTAR

May 14, 2025

Daniel R. Wik

JACHEC Osaka

Extract same regions as in
Schellenberger+ 2015

(r < 3.5', excising cores)
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Deep Sample: Temperature Profiles
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Deep Sample: Temperature Profiles
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Snapshot Cluster Temperatures
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Snapshot Cluster Temperatures
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NuSTAR

KTy [keV]
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Snapshot Cluster Temperatures
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NuSTAR

KTy [keV]

NuSTAR

Snapshot Cluster Temperatures

14 +-

12 -

KTy = KT | , Implies Chandra Aes

—— NuSTAR-Chandra Exp Cutoff e low by 5% at 5 keV
NuSTAR — Chandra Trend ' =
(Wallbank et al. 2022)
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(Schellenberger et al. 2015)
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XRISM Observations of the Coma Cluster
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Comparison using Resolve FOVs

Resolve FOV: Native Bands

12 .
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Same as Region 5 in
the following slides

Potter+ in prep
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Comparison using Resolve FOVs

Resolve FOV: Native Bands
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Measurements in 9 Grid Regions

Grid Temperatures: Native Bands
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Measurements in 9 Grid Regions

Grid Temperatures: Native Bands
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Measurements in 9 Grid Regions
NuSTAR Temperature Map

'- Grid Temperatures: Overlapping Band (3 to 9 keV)
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KT acis (keV)
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Future Work (funded, for now...)

e A correction to Chandra’s hard
band effective area similar to XMM-
Newton’s achieves better
agreement with NuSTAR, although

It’s not perfect

e The XMM-Newton effective area
correction tends to exacerbate
disagreement with NuSTAR;
temperatures pushed even lower

* Need to do spatially resolved
comparisons across the archives,
find patterns to track down
potential origins of discrepancies

U . @ NuSTAR

May 14, 2025

tNu | Ton | txmm tNu | Ton | txmmMm
Cluster (ks) | (ks) | (ks) || Cluster (ks) | (ks) | (ks)
Bullet 294 | 584 47 || Abell 754 124 | 190 312
ZWCL 1856d8 208 43 13 || Abell 2255 123 45 42
A2146 265 | 2386 - Abell S753 121 87 | 133
SPT CLJ2031m4037 238 | 259 30 || Abell 2163 117 90 153
Ophiuchus 232 | 283 230 || Abell 2029 102 | 184 198
Abell 478 222 | 153 130 || Coma 60 | 486 281
Abell 523 209 30 | 230 || ZWCL 1856d8p6616 29 43 12
Abell 3266 208 30 187 || RXC J1504 24 | 164 300
Abell 665 198 | 161 266 || Abell 3112 22 | 152 228
CL 0217p70 177 29 - Abell 3158 22 62 32
RX J1347d5m1145 172 | 331 38 || Abell 1644S 21 71 34
Abell 2256 166 | 218 296 || Abell 3558 21 15 63
MACS J0717d5p3745 | 163 | 247 195 || Abell 496 20 | 105 291
CIZA 0107d7p5408 159 | 165 - Abell 3391 20 68 69
Abell 1795 154 | 3552 137 || Abell 1651 20 10 27
Abell 2199 138 | 160 180 || Abell 3571 18 34 34
Abell 2319 134 91 92 || Abell 1650 18 | 252 43
Abell 3395 129 | 120 30

— Daniel R. Wik — IACHEC Osaka
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Future Work (funded, for now...)

e A correction to Chandra’s hard
band effective area similar to XMM-
Newton’s achieves better
agreement with NuSTAR, although

It’s not perfect

e The XMM-Newton effective area
correction tends to exacerbate
disagreement with NuSTAR;
temperatures pushed even lower

* Need to do spatially resolved
comparisons across the archives,
find patterns to track down
potential origins of discrepancies

U . @ NuSTAR

May 14, 2025

tNu | ton | Txmm tNu | ton | txmmMm
Cluster (ks) | (ks) | (ks) || Cluster (ks) | (ks) | (ks)
Bullet 294 | 584 47 || Abell 754 124 | 190 312
ZWCL 1856d8 208 43 13 || Abell 2255 123 45 42
A2146 205 | 2386 - Abell S753 121 87 133
SPT CLJ2031m4037 238 | 259 30 || Abell 2163 117 90 153
Ophiuchus 232 | 283 230 || Abell 2029 102 | 184 198
Abell 478 222 | 153 130 || Coma 60 | 486 281
Abell 523 209 30 | 230 || ZWCL 1856d8p6616 29 43 12
Abell 3266 208 30 187 || RXC J1504 24 | 164 300
Abell 665 198 161 266 || Abell 3112 22 152 228
CL 0217p70 177 25 - Abell 3158 22 62 32
RX J1347d5m1145 172 | 331 38 || Abell 1644S 21 71 34
Abell 2256 166 | 218 296 || Abell 3558 21 15 08
MACS JO717d5p3745 | 163 | 247 195 || Abell 496 20 | 105 291
CIZA 0107d7p5408 159 | 165 - Abell 3391 20 08 69
Abell 1795 154 | 3552 137 || Abell 1651 20 10 27
Abell 2199 138 | 160 180 || Abell 3571 18 34 34
Abell 2319 134 91 92 || Abell 1650 18 | 252 43
Abell 3395 129 | 120 30

— Daniel R. Wik — IJACHEC Osaka
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Backup Slides
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Abell 2029, 5th Annulus

Nominal Chandra ARF Modified Chandra ARF

A2029 228-342"; Nominal ARF Fit 02099 298—3491: Modified ARF Fit
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Deep observations of relaxed clusters

U . @ NuSTAR
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Deep observations of relaxed clusters

U . @ NuSTAR

Modified Chandra ARFs
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Snapshot Cluster Temperatures

Lopez+ 2025 submitted

Cluster Name Redshift Gain Offset kT, kT x kTN kTN ;

Z keV keV keV keV keV
RXC J1504 0.2172  —0.10+£0.04 9.817)20 6.407)7s 855702 5.937)35
Abell 3571 0.0390  —0.094+0.02 8.107p0% 6.3670°05  7.127000
Abell 3558 0.0484  —0.05+0.03 7.42F02% 5517008 6.007050 6.237030
Abell 1651 0.0850  —0.094+0.04 7.077,%2 6.097)15 6.737.7%,
Abell 3391 0.0561  —0.104+0.07 6.627025 5547005  6.2470790
Abell 1650 0.0838  —0.104+0.04 6.437710 5147002  6.557050  5.887000
Abell 3158 0.0592  —0.05+0.05 6.017)70 511700 5797022
Abell 3112 0.0753  —0.10+0.03 5.4570 02 4.00700% 5.57 %30 4.5970%
Abell 1644 0.0474  —0.06 £0.05 5.317075 4.617075 52370350 5247020
Abell 496 0.0331  —0.07+0.03 5.187007 4.3970 %  5.4070750  3.8270 0%
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Snapshot Spectral Fits
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Snapshot Spectral Fits
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NuSTAR - XMM-Newton Comparison
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Scattered &
Stray Light

Reflection Type: Double Upper Lower Back

U . @ NuSTAR
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